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5. ASSTRACY 1

]

-Data from a very large block of previously collected data from laboratory single-wheel tests and from

selected field tests were examined to: (a) determine whether the dimensionless prediction terms for sand

a(va)¥2 ¢ ca ()2
v 3 and for clay S5~ (i) -- 7ould be improved, and {(b) extrapolate laboratory relations tn
field relations for full-size vehicles. (In these terms C and C are penetration resistance and pene-
tration resistance gradient, respectively, for clay and sand; b is tire width; d 13 tire diameter; h
ie section height; 4 is tire deflection; and W is wheel load.} The term for sand and =n improved term
is2

for cls; _C:_d « (;‘-) . -]_—;-%-b—/m wers designated the basic prediction terms. These vasic terms predict
dimensionless tire performance coefficlents pull/load (P/W), sinkage/diameter (z/d), torque/load . active

radius (M/Vr‘), all at 20 percent slip (near maximum puil), and tcwed force/load (PT/H) quite wel' for many:

sizes and shapes of pneumatic tires in the laboratory sands and clay. Other alternative terms examined for!
both sand and clay predict tle performance of tires or wheels of very small 53/h values more accurately
than the basic terms, but predict performance of conventional pneumatic tires less accurately. When dimen-

10,092
sionless terms (150vw/vah)l/2 and [O.I(V'/b)/(vs/ds)Jo 092 e attached to the basic prediction terms

for sand and ciay, respectively, the P/W veraus prediction term relations sre effectively collapsed to
single lines for wheel translational velocities (Vv) in the <1 to 18 ft/sec range. (vsh is ghear wave

v

velotity, VB is standard penetration velocity, and ds is diameter of u standard cone.}- The basic pre-
diction terms can serve as the base for predicting wheeled vehicle performance in the field if RCI {rating

cone index) ir substituted for C in the term for clay. Equations that describe the pertinent relations
are examined in deta.l, and examples illustrate several of their many possible applications.
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FOREWORD

This report comprises a study of resulis from laboratory tests
previously conducted at the U. S. Argy Engineer Waterways Experiment
Station (WES) and from field tesis from locations in various parts of
the United States and the world, as part of the vehicle mobility re-
search program under Department of the Army Project Nc. 1T062112A0k6,
"Prafficability aci Moyrility Research,” Task 03, "Mobility Fundamentals
and Model Studies," unaer the sponsorship and guidance =f the Resecarch,
Development and Engineering Directorate, U. G. Army Materiel Command.

The laboratory tests were performed by personnel of the HMobility
Research Branch (MRB), Mobility and Environmental (M&E) Systems Labora-
tory, WES, during the period November 1963 to May 1969 under the general
supervision of Messrs. W. G. Shockley and S. J. Knight, Chief and As-
sistant Chief, respectively, of the M&E Systems Laboratory, and under
the direct supervision of Messrs. A. J. Green and J. L. Smith of the
Research Projects Group of the MRB. Field data examined herein were
obtained froum published and unpublished reports of the Vehicle Studies
Branch of the M&E Systems Laboratcry. Miss M. E. Cmith and Mr. Green
participated in the data analysis, and Miss Smith and Mr. J. L. McRae
assisted in the preparation of many of the plates, figures, and tables.
Mr. G. W. Turnage directed the study and prepared this report.

COL Ernest D, Peixotto, CE, was Director of the WES during the
course of this study and preparation of this report. Mr. ¥. R. Brown

was Technical Director.
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NOTATZION

Tire contact area on a flat, rigid surface
Tire section width

Soil cohesion

Soil penetration resistance; cone index

Cone index obtained with a 0.5-sq~in.-base-area, right cir-
cular, 30-deg-apex-angle cone at 72 in./min, and cone index
cbtained at any particular velocity with a cone of any par-
ticular base area, respectively

Tire diameter

Diameter of a standard 30-deg-apex-angle, right circular,
0.5~sq~in.-base-area cone, and diameter of any particular
cene, respectively

Relative density

Soil-tire coefficient of friction

Acceleration due to gravity

Soil penetration resistunce gradient

Tire section height

Characteristic linear dimension of tire

Torque

Pull, optimum pull, anc towed force, respectively
Average active radius of tire

Soil shear strength

Velocity and wheel translational velocity, respectively
Standard and particular penetration velocity, respectively
Soil shear wave velocity

Load, immobilization load, and optimum load, resbectively
Tire sinkage

Soil density

Tire deflection

Soil friction angle

ix




metric units as follows:

Multiply

inches

square inches

feet

cubic inches

pounds (force)

pounds per square inch

pounds per square inch
per inch

feet per second

CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

B
2,54

6.4516
0.3048
16,3871
4, 4482
6.8948

0.271L
0.3048
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British units of measurement used in this report can be converted to

To Obtain

centimeters

square centimeters
meters

cubic centimeters
newtons

kilonewtons per square meter

meganewtons per cubic meter

meters per second
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SUMMARY

This study examined the effects of tire deflection, tire geometry,
wheel loed, and soil strength on the performance of various single pneu-
matic tires tested in the laboratory in air-dry sand and near-saturated
clay, and on the performance of a solid rubber tire and three rigid
metal wheels tested in near-~saturatec clay and air-dry sand, respec-
tively. Mathematical expressions were developed that combine the inde-
pendent soil and tire parameters into dimensionless forms that correlate
closely with dirmensionless tire performance coefficients: pull/load
(P/W), sinkage/diameter (z/d), torque/load times active radius (M/Wra),

all at 20 percent slip or near the maximum pull point, and towed force/
load (PT/W). ‘

6(va)>2

One basic prediction term T . was shown to predict the

§
) h
in-sand parformance of pneumatic tires (of both circular and rectangular
cross sections) with useful accuracy for a broad range of values of soil
strength (penetration resistance gradient G), tire section width and

diameter (b and 4 , respectively), wheel load (W), and tire deflection

1/2
. C s Cbd g? 1
(8/n). A basic prediction term 7 (h T+ (o724 (where

C = soil peretration resistance, an indicator of soil strength) accom-
plished a similar objective for pneumatic tires in clay.

sa)¥2 (- %).u

Alternative preaiction terms W

for sand and

2
Cbd § 1 .
W (l - h) "1 YET for clay predicted P/W performance (at

20 percent slip) for pneumatic tires with only slightly less accuracy
than the basic prediction terms; these alternative terms predicted the
P/W performance of tires of very small deflection values (§/h less

*han 0.03) more accurately than the basic prediction terms. Other alter-

. . Gba® 25\ cot/2g3/2 ys\'
native prediction terms —w l - e and R 1+ e

eliminate one tire dimension (section height h) included in the predic-
tion terms above. They predict P/W performance for pneumatic tires
almost as well as the basic and alternative prediction terms menticned
above, and they predict P/W performance for essentially nondeflected
tires tetter than any other prediction terms examined herein.

xiii
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Hard-surface contact area Ac can be incorporated into a useful
dimensionless prediction term for pne'matic tires operating in sand
[b(Ac)3/2/W]' A, appears considerably less effective in delineating
the effects of tire geometry on prieumatic tire performance in clay.

Increasing wheel translational velocity Vw (in the <1 to

18 ft/sec range) significantly increases the E/W performance of pneu-
matic tires both in sand and in clay. The effect appears independent of
tire size in sand and is size dependent (inversely related) in clay.

1/2

Empiricelly developed dimensionless terms (lSOVw/Vsn) and

[O.l(Vw/b)/(Vs/ds)]o'og2 attached as multiplicativ: factors to
M - L and (od . (£)1/2 * 1 respectively, effectivel
] h W \h 1+ (bj2a) ° Fespechivedy, y
collapse the P/W versus prediction term relations to single central
lines. (In the terms above vsh is soil shear wave velocity, Vs is

standard penetration velocity, and ds is diameter of a standard cone.)

3/2
Slight differences between the P/W versus gib%l-—* " rela-

tions for two air-dry, coarse-grained soils (Yuma and mortar sand) indi-
cate that sand-tire interactions are influenced somewhat by sand prop-
erties not measured by penetration resistance gradient G . Adjusting
values of G for mortar sand to G values for Yuma sand on the basis
of relative density effectively eliminated differences between the cen-
tral relations.

Flooding the surface of a near-saturated, fine-grained soil re-
duces the FP/W performance of preumatic tires with tread or traction
aid (attached steel or rubber cleats) considerably, and that of smooth *
tires by an even larger amount. Type of tread had more influence on ;
P/W for the unflooded than the flooded condition, but only the tire
with traction aid significantly outperformed the smooth tire in the un-
flooded environment.

An analysis of multiple-pass tests illustrates that single-wheel
pneumatic tire performance in sand on the second and third passes is re-

G(bd)3/2 8
lated to W _  n although the relation is not the same as that

for the first pass. It is shown that the performance of wheeled vehi-
cles on coarse-grained snils can be predicted using a relation based on
the single-wheel, multiple-pass relations. Multiple--pass, single-wheel
laboratory tests in a near-saturated fine-grained soil indicate that
traffic negligibly influences pneumatic tire performance.

Field tests of wheeled vehicles produced pull performance signif-
icantly worse than that obtained in the laboratory, largely because of
the negative influence of several largely uninvestigated factors--
primarily irregular soil profiles, slipperiness (for fine-grained soils),

Xiv
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operating chara;teristics peculiar to a wheeled'vehicle (as.opbosed to a
single wheel), and several otheprs discussed in the text. ’
. 3/2 : 1/2

Basic prediction terms Q(_‘Q_%)_____ . % an _C_%cl . (%) ‘
. if:f%g7537 adequately coliapse large blocks of field pull-pertformance
data for wheeled vehicles in sand and clay, resﬁectively, .0 central.
relations. These r<latfons are sufficiently well defined and broadly
based to provide the basis for a tentative wheéled wehicle performance
prediction systemn (>.g. immobilization load, load required to produce
maximum pull, maximun slope c¢limbable, etc., ‘can be predicted) and &
method of designing tires to satisfy particular off-road situations.
Parts III and IV of the report develop and describe these rel@tions, and
Appendix B illustrates several applications.

Appendix A describes the techniques used in ‘this rebort to compute
sand strength, wheel load, and pneumatic tire sinkage. These and every:
other parameter discussed herein were each measured by a consistent
method to allow data from a variety of 'sources to be descrited on a
common basis.




PERFORMANCE OF SOILS UNDER TIRE LOADS

APPLICATION OF TEST RESULTS TO TIRE
SELECTION FOR OFF-ROAD VEHICLES

PART I: INTRODUCTION

Background

1. Until the early 1960's, research in the United States in vehi-
cle mobility was confined largely to experimental testing of full-sized
vehicles on natural terrain surfaces to develop approximate relations
between vehicle performance and terrain conditions for use by military
 commanders in the field. In 1960, following a study of the status of
mobility research in the United States by an ad hoc committee appointed
by the Chief of Research and Development, U. S. Army, authority was
granted the U. S. Army Engineer Waterways Experiment Station (WES) to
equip & modern laboratory and initiate a long-term program in vehicle
mobility research. Since then, many systematic tests have been per-
formed with single pneumatic tires in controlled-soil conditions, and
certain peripheral studies have been conducted that were designed to fur-
ther a basic understanding of tire-soil interactions. Additionally, a
limited number of vehicle tests have been conducted in the laboratory,
and results of a large number of field vehicle tests have been analyzed

on the basis of relations developed from the laboratory test data.

Purpose and Scope

2. The basic purpose of the study reported herein is to provide
a, rational means for selecting tires for off-road vehicle use. Two
types of soiis were considered: those that derive essentially all their
. strength frum cohesion and those that gain nearly all their strength
from friction. (These soil types generally cause more severe mobility
problens for wheeled vehicles than do soils whose strength results from
a combination of cohesion and friction.) For each of the two types of

soil, one basic dimensionless term has been developed that can te useu

A “nk Tl




to quantiiatively describe the effects on wheeled vehicle tractive per-
formance of wheel load, soil strength, tire size, tire shape, and tire
deflection (in lieu of inflation pressure) for a very broad range of
soil-tire conditions commonly encountered in the field. Additionally,
for each soil type, at least two dimensionless terms are presented that
have some advantage over the basic terms in predicting the performance
of tires and wheels of particular, unusual ccnfigurations (e.g. very
small tire deflections, tires or wheels with no measurable section
heights, etc.).

3. The prediction terms were developed primarily from a distilla-

tion of data obtained in single-wheel tests under the program "Perfor-

mance of Soils Under Tire Loads,"

sponsored by the U. S. Army Materiel
Command. However, to the extent possible, the results of tests in nat-
ural soils with actual vehicles have also been analyzed, and the predic-
tion techniques for laboratory data have been altered as necessary to
satisfy the field-prototype vehicle situation.

4. Tire performance was measured in terms of four dependent param-
eters: (a) pull, (b) sinkage, and (c) torque--all at near the maximum-

pull point; anu (d) the force required to tow the unpowered wheel.

Definitions

5. Certain terms thut fecilitate analysis of data and commurica-
tion of test results ure rigornusly defined in Report 1 of this series.l
Only those additionel terms that are considered essential to this report
are def'ined below.

a. Active radius (ra),* in.**: The undeflacted tire radius

r minus half the deflection § of the tire loaded on a

¥ Gince reference 1 was published, it has been determined that rela-
tions between dimensionless prediction terms (composed of functions
of the independent tire, soil, and system parameters) and the torque
coefficient are improved if active radius r, is used in place of
diameter in the torque coefficient, i.e. ﬁ%" is preferred to %E .
a
¥*% A table of factors for converting British units of neasurement to
metric units is given on page xi.
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hard, rigid surface, i.e. half the diameter min.s deflec-
tion (d 5 6). Empirically obtained, r_ is i significant

measurement since tire rolling circumference measured on a

hard surface is very closely approximated by ti.2 quantity
d -6
2n .

D L]
Penetration resistance gradient (G), psi/in.: For coarse-

=

grained soils (sands), the slope of the curve of penetra-
tion resistance (for a 0.5-sq-in.-bare-area, 30-deg-apex
angle, right circular cone at T2-in./min penetration
speed) versus depth, averaged over that depth within which
changes in soil strength significantly afiect tire perfor-
mance (usually taken as 6 in.).

Towing force (maximum drawbar pull), lb: The maximum

sustained towing force a self-propelled vehicle can pro-
duce at its drawbar under given test conditions. (Note:
Towing force-load ratio approximates meximum slope
negotiable.)

Nominal dimensions from tire size designation:

(1) Conventional, circuiar-cross-secrion pneumatic tires:

(a) Section width (b), in. Maximum outside width of

the cross section of the inflated, but unloaded,
tire. Nominally specified by the first number in
the tire size desigration, e.g. 9.00 in the
9.00-1k tire. ‘

(b) Nominal rim diameter, in. Diameter measured from

shoulder to shoulder of the rim. Given as the
second number in the tire size designation, e.g.
14 in the 9.00-ik tire.

(¢) Diameter (d), in. Outside diameter of the in-

flated, but unloaded, tire. PFor circwiar-cross-
section tires, nominal rim diameter plus twice the
section width usually overestimates diameter d
of a buffed-smooth tire somewhat (usually by some
5 to 20 percent).




(2) Rectangular-cross-section pneumatic tires:

(a) Diareter (d), in. An approximation of tire diam-

eter d (defined above) tha!, iz specified by the

first number in the size designation, e.js. 16 in
the 16x15.G60~6 tire.
(b) Section width (b), in. An approximation of tire

section width b (defined above) that is given by
the second number in the tire s ze designation,
e.g. 15.00 in the 16x15.00-6 tire.

(c) Nominal rim diameter, in. An approximation of rim

diameter (defined above) that is listed as the
third number in the tire size designation, e.g. 6
in the 16x15.00-6 tire.

e. Immobilization point: That point at which wheel load be-

comes too large and/or soil strength too weak to &allo+ a

tire of given size and deflection to develop positive pull.




PART II: PREDICTING IN-SOIL, SINGLE-WHEEL PERFORMANCE

6. To measure the effectiveness of the wheel as a traction and/or
transport element and {o determine quantitatively the effects on tire
performance of the parameters that describe the soil-tire system, thLe
wheel was isolated and tested as a separate entity. Several dynamometer
carriages vere constructed to accommodate a large variety of tire sizes
and wheel loads, and laboratory iests were conducted in which a broad
range of values of soil strength, tire size, tire shape, wheel load, and

speed were systematically varied,

Parameters Considered

T. A dimensional a.nalysis2 of the performance of single, pneu-
matic tires in soft soils determined that the four dependent tire per-
formance parameters of primary interest (paragraph 4) are related to
independent tire, soil, and system parameters in dimensionless form as
follows:#*

a. For the pull coefficient:

=f,<£gg¢sfgﬁx£ﬁ_W>
h’d! ] ’ b ’w)w‘)gg’bzv

=(v

. For the sinkage coefficient:

t-s

azfn(g N PR e S _W)
d h?>d?*>qd°:? ’ ? LA A A A gh > by

¢c. For the torque coefficient:

d. For the towed force coefficient:

* For definition of terms see Notation, page ix.
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PT=1,....(6 b h R A w)
W

' gt ’ by

8. The 10 dimensionless pi terms in parentheses in each of the
relations above are considered suificient to describe practically any
tire-soil-system arrangement if these independent pi terms are rroperly
combined. Test controls and simplifying assumptions can be used to re-
duce to a much smaller value the number of independent pi terms that
must be considered for a particular situation. In published reports te
date, the four dependenl pi terms have been related to the independent
pi terms in two environments, in each of which only three independent pi
terms had to be considered:

a. For saturated, highly plastic, essentially purely cohesive
clay:

2
P_ (2 b g)
(1) w‘f(w *d°h
2
2 _ cl li
(2) d-f( ’d

W
2
\ M _ e fcl E _5_
(3) =—=°¢ ( 3 >

2
_ eunfcl p_ _‘L
() =1 (w ’u.’h)

b. For air-dry, essentially purely [rictional sand
3
ool 2 g)
(1) w=-f \ W *d°’h
P
Z ' % b 8
@ % (5 ’E’H>

3
(3) ;,-M—-=1""(Gl .% g)

Laboratory Single-Wheel Test Program

Laboratory test soils
and their characteristics

9. The rrincipal soils used in this laboratory program were a




fine, air-dry, essentially frictional desert sand (Yuma sand) aad a sat-
urated, highly plastic, essentially purely cohesive fat clay. A second
coarser-grained, air-dry, frictional riverbed sand (mortar sand) was

used for a limited number of tests. Grain-size distribution curves for

these three soils are presented in fig. 1.
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Fig. 1. Grain-size distributions of the laboratory test soils

10. Strength of each of the three test scils was characterized in
the relations reported herein from dats obtained in standard 72-in./min
penetration tests with the WES 0.5-sq-in. circular-base-area, 30-deg-
apex-angle cone. Test beds of both Yuma and mortar sands were con-
structed such that values of cone index (i.e. penetration resistance in
pounds divided by cone base area) increased linearly with depth, as il-
lustrated by fig. 2a for Yuma sand. Penetr.tion resistance gradient G
(i.e. tixe slope of the linear portion of the penetration resistance ver-
Test beds of

-
2,3

sus depth curve) characterized che strength of sand.
clay were constructed such that values of cone index remzained essen-

tially constant as depth of penetration increased (fig. 2b). Average
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cone index C in the top 0- to $-in. layer was used to describe clay
soil strength.

11. Several experimenters have shown that for cohesionless, dry
5 s, g
vas eliminated as a separate parameter in paragraph 3. Also, it has

sand friction angle @ is proportional to density vy .

been determined that penetration resistance gradient G 1is directly
related to and is a sensitive indicator of denzity y of a frictional
s0il. Parameter G , then, was indicated sufficient to deseribe fric-
tional soil characteristics attributable to both § and y , and G
has been used to describe the effects of @ and y in earlier re-

ports.a’3

For purely cohesive soils, cone index C 1is considered to
represent soil cohesion ¢ . Detailed laboratory tests6 have demcn-
strated that for saturated, weak, essentially frictionless soils (values
of C wup to about 80) a well-defined linear relation exists between
cone index and cohesion.

12, For the lab-ratory frictional sand soils, the value of pene-
tration resistance gradient G changed under the influence of tire
traffic. In every case, however, the before-traffic measure of G was
used teo describe the strength of a sand test section. For the labora-
tory clay soil, it was determined that the cone index value is virtually
unaffected either by changes in wheel slip or by tive traffic (for at
least five passes, as were routinely made in the laboratory tests). For
the laboratory tests, cone index measurements were usually taken at
three locations for each of passes 0 (i.e. before traffic), 1, 2, and 5.
The cone index value reported herein is the average of values measured
for all of these locations and passes (usually a total of 12 measure-
ments). This value is considered to be a reasonable characterization of
soil strength within the overall length of the test lane and may be re-
lated to either a single pass or multiple passes of a wheel,

Test techniques

13. Most WES laboratory tests of pneumatic tires in sand and in
clay hsr, been conducted as programmed-increasing-slip tests. This tech-
nique produces a wealth of information per test. Furthermore, the re-

sults obtained at any particular value of slip in & programmed-slip test

AR,
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in either sand or clay are essentially ithe same as those that would be
developed in a corresponding constant-slip test, if the value of wheel
pull is corrected to account for the effect of the inertial force

(F = ma) caused by the constant deceleration of the dynamometer carriage
during the test run. A detailed description of the programmed-
increasing-slip test technique and the correction that is now made for
tais inertial effect is given in Appendix A. Unfortunately, the need
for an ma correction was not recognized early in the test program, and
&« number of tests were conducted in which no instrumentation was present
to measure ma . Examination of ma values from later tests (fig. A6
of Appendix A) shows that in fat clay, ms values are quite small (none
greater than 8 1b for even the largest tire tested) and are relatively
independent of bnth tire size and wheel load. In sand, only one ma
value greater than T percent of wheel load was obtained; and in clay,

no ma value greater than 4 percenv of wheel load was cbtained. Pat-
terns of ma versus load are not sufficiently well defined, however, to
establish a reliable a posteriori ma correction for those early tusts
in which ma was not measured. Throughout this report, wheel pull ob-
tained in a constant-slip or constant-pull test (no ma correction is
needed) or in a programmed-increasing-slip test with the proper ma

correction is denoted as P (and P, for a towed test); wheel pull that,

T
includes ma as part of its value is designated P' (and P) for the

towed point). The values of P' and Pé are algebraicallyrequal to or
greater than P and PT » respectively.

1k, The programmed-increasing-slip technique produces pull-slip
and torque-slip curves that have characteristically different shapes for
sand and clay (figs. 3a and 3b). In particular, the influence of the
shapes of the pull-slip curves on the selection of where the near-
maximum pull condition should be sempled is quite inmportant. For cohe-
sionless sand, the value of pull usually peaks at about 20 percent slip,
then decreases gradually ss values of slip increase over a broad range,
and finally increases again at very large values of slip. For friction-
less clay, the value of pull increases rapidly to a value of slip

slightly less than 20 percent, and then incieases very slowly as values

10
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of slip continue to increase. For single-wheel laboratory tests in both
sand and clay, the near-maximum-pull condition is characterized in this
report by data ieasured at 20 percent slip.

Test tires and test results

15. Characteristics of the pneumatic tires used in this report to
study single-wheel laboratory performance in sand and in clay are pre-
sented in table 1. A few laboratory tests were made with rigid wheels
in sand and with a solid rubber tire in clay; descriptions of these
wheels also are given in table 1.

16. Resulis of the single-wheel laboratory tests in sand that are
examined herein are summarized in tables 2-5, 9, and 10; those of single-
wheel tests in clay are found in tables 6-8. Data from wheeled vehicle
tests conductea in the laboratory (in sand) are presented in table 11;
data from vehicle tests mude in the field are listed in tables 12 and
13 for sand and 14 and 15 for clay. Except for the results listed in
tables 4 and 8, all of the data examined herein were extracted from ear-
lier WES reports of these tests. The same degree of precision was not
used in all of the scurce reports in measuring all of the parameters ex-
anined herein. This report attempts to present values of each parameter
(from laboratory tests) measured in a uniform way that is similar tc
that pcssible in the field. In particular, tire deflection measurements
reported herein are those measured on an unyielding, flat surface prior
to testing; reported soil strength measurements describe the before-
traffic condition (and the during-traffic condition for clay - see para-
graph 12); and wheel load values are those measured in the soil at the
same instant that the dependent parameters were measured. (Wheel load
was applied pneumatically for most of the leboratory tests, and its
value varied slightly during each test run.) A ~ingle techniqus was
used to obtain penetration resistance gradient G for coarse-grained
soils, as opposed to several types of measurements used in the source
reports. Appendix A describes the several approximations of G , and
the means used to transform them to the true gradient (or slope) of the

cone index versus penetration depth curve. Appendix A also describes

12




the consistent method by which values of tire sinkage were obtained for

this report.

Tires and Wheels in Sand

Basic predicticn term

17. The dimensional analysis in references 2 and 3 combined three
independent pi tenns--GlB/w , b/d , and 6/h--on the basis of their re-
lation to four dependent pi terms--P'/W , z/d , M/Wra , and Pi/w-to

e(a)¥? s
develop a single dimensionless prediction term, v ‘n° referred

to in those reports as the sand mobility number and hereafter in this
report as the basic prediction term for sand. The basic prediction term
was developed using data from single-wheel laboratory tests conducted in
one soil (air-dry Yuma sand) at a single * 'anslational velocity (approx-
imately 5 ft/sec) with four tires of one general shape (conventional,
circular-cross-section tires with d/b ratios in the 3 to 8 r» ge).
These four basic test tires were the 4.00-7, 2-PR; L4.00-20, 2-PR;
6.00-16, 2-PR; and 9.00-14, 2-PR (fig. 4a). Test data for two - lida-
tion test tires, a 1.75-26 bicycle tire and an 11.00-2C, 12-PR tire
(fig. 4b), confirmed that relations developed for the basic test tires
could also be used for conventional tires with very large values of d/b
and large values of d and b , respectively. A later study examined
the ability of the basic prediction term to predict the performsnce of
five tires whose cross-sectional shape was roughly rectangular (as op-
posed to the circular cross sections of the conventional tires) and

T

whose d/b values ranged from 1 to 2.5.' The effectiveness of the

basic prediction term in predicting P'/W , z/d , M/Wra , and P% for
the basic test tires, the valiidation test tires, and the tires in refer-
ence T is illustrated in plate 1.

18. 1In addition to b and d , each of the other parameters in-
cluded in the basic prediction term was tested over a broad range of
conditions. Values of G ranged from 2.3 to 27.7 psi/in., virtually

the entire range of interesy in wheeled vehicle mobility problems. Most

13
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¥ 1 of the data were obtained rrom tects in which penetration resistance in-
' ' creased linearly to the 1l- to 12-in. depth; for the 11.00-20, 12-FR
tire tests, penetration resistance increased linearly to only tte 8-in.
! depth. Also, test data not included herein, but reported in reference 3,
demonstrated that the basic prediction term predicted pneumatic tire per-
. formance quite well for tests in which penetration resistance increased
"linearly to even lesser depths (6 in. for the 9.00-1k, 2-PR tire and
T in. 'for the 16x15.00-6, 2-PR tire). Values of load in plate 1 ranged
from 100 to 1350 1b and values of 6/h from 0.15 to 0.35.
' 19. For three of the fcur relations presented in plate 1, all of
.the data points intermingle within a narrow scatter band, strongly in-
dicating that the basic prediction term can be used to predict in-sand
. pneumatic tire performance .or a very broad range of tire, soil, and
| load conditions. The basic prediction term versus torque coefficient
‘% . - reletion appears to separate as a function of tire shape, with the
circwar-cross-section tires (open symbols) requiring a slightly smaller
value of torque coefficient than the rectangular-cross-section tires
; (closed symbols) at corresponding values of the basic prediction term.
‘ ' For most applications, this deficiency is considered minor, since the
[ - separation by tire shape is slight, and torque coefficient is less sen-
| sit.ive to changes in the basic prediction term than any of the other
three performance coefficients. (Depending on the accuracy required,

the user could characterize the relation by a single central line

(i.e. a line of best fit) or by the two lines in plate lc.) As shown
in plate 2, the relations between ihe basic prediciion term and P/W
and PT/W (pull and towed force coefficients whose values have been
corrected to take into account the influence of inertial effects; see
! Appendix A) are described by data that lie within narrow scatter bands,
i.e. the basic prediction term is closely related to P/W and PT/W .
Taken together, the relatiors in plates 1 and 2 demonstrate that the
basiclprediction term is sufficienily closely related to the four per-

3 , formance coefficients to allow useful predictions of tire performunce.

f & Al%ernative prediction terms
G(bd)3/2
, 20. The basic prediction tern i is considered to

15




provide more accurate predictions of in-sand pneumatic tire performance
for tire-soil conditions routinely encountered in the field than are
provided by any other available term. Alternestive terms have been de-
veloped, however, that are more useful for particular, special situa-
tions. The effectiveness of these terms is examined herein only on the
basis of their ability to predict near-maximum pull coefficient; conclu-
sions made on this basis also generally apply to the effectiveness of
the alternative terms in predicting the other three performance
coefficients--sinkage, torgque, and towed force.

3/2 -k
21. G(b3 . (1 - %) . This term was developed in the same

way as the basic prediction term, except that 1 - %- was used in place
of 6/h . This was done primarily to obtain a term that could predict
the in-sand performance of tires or wheels with deflection values near
or equal to zero. The need for an alternative prediction term for this
situation is demonstrated in plate la; for &/h = 0 the value of
the basic prediction term is approximately zerc, and thez relation in
plate la predicts a negative value of P'/W . Analysis in paragraph 22
shows this prediction to be in error, since relatively large positive
values of P'/W were obtained in several tests of rigid metal wheels
(=9

22. Data from tests of rigid wheels were used in the development
of gih%liii . (l - %)-h because no single-wheel tests have been con-
ducted in sand at the WES with pneumatic .ires at values of 6&/h less
than 0.15. Because the rigid wheels experienced essentially zero deflec-
ticn under the test loads used, it was possible to assign to each of
them a value of 1 - %-= 1.6 . If the performance of tires (or wheels)
with zero deflection and with §&/h = 0.15 can be predicted by a given
prediction term, it is reasonable to expec!t that this term can also be
used to predict the performance of tirec with values of ¢&/h in the
0 to 0.15 range. Plale 3a shows data from the same tests represented in
plate 1, together with test data ior the three rigid wheels, to illus-

trate the effectiveness of this modified prediction term in predicting

16
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near-maximur pull. The pneumatic tire test data were obtained at 20 per-

cent slip, 2id those for the rigid wheels at 25 percent slip; the influ-
ence of this siight deviation on the relation is considered negligible.
The penetrstion resistance gradient G for each pneumatic tire test is
characterized by the average of several pretest measurements for that
particuilar test; only one value of G was reported8 tu describe the
strength of the several sand sections in which the rigid wheels were
tested. This undoubtedly contributed to the scatter of the rigid-wheel
data, but did not obscure the trends in plate 3a. This alternative pre-
diction term collapses all the pneumatic tire data to a single relation
almost as well as the basic prediction term did in plate 1. However,
using the modified term to collapse the rigid-wheel data to the same re-
lation as the pneumatic tire data was only partially successful. Data
for the 6- by 28-in. and 12- by 28-in. wheels fall generally within the
scatter band of the pneumatic tire data, but appear to develop values of
P'/W slightly on the low side for large values of the alternative pre-
diction term. The alternative term predicts values of P'/W for the

3- by 28-in. wheel significantly larger than those of the remaining
tires and wheels. Plate 3b shows the same relation as plate 3a, using

only wheel pull data either unaffected by or corrected for inertial ef-

6(ba)3/? s\ Y _
——ji*——— M O H can be considered a useful term for

predicting the in-sand, near-maximum pull performance of pneumatic tires

fectz. Thus,

with a very broad range of values of b, d , and 1 - {(8/h) ; however,
care must be exercised in using this term to predict the performance of
tires and wheels having very small values of both &§/h and b/d . Gen-
erally speaking, this combinatio:.. of characteristics should be avoided

in the design of a tire or wheel for mobility purposes, so this restric-

tion in the use of this alternative prediction term is noht severe.

12 -8
EE%—-' (l - 2§> . This term was developed in 2 performance

23. ]
evaluation of wheels for lunar vehicles,9

wherein a prediction term was
sought that would relate data for preumatic wheels, rigid wheels, and

metal-elastic wheels equally well. A desirable feature of this

17




prediction term was the elimination of the term h (paragraph 21),
thereby (a) permitting the tire or wheel to be described by one less
term, and (b) allowing the prediction of performance for tires or whee.is
that do not have section heights. Five basic wheels (fig. 5) were
tested under very light loads (15 to 150 1b) in air-dry and in moist
Yuma sand. Several prediction terms were tried and tested (by plotting
them versus performance coefficients from all the lunar study tests),
the visual lines of best fit were drawn, and the scatter of the data was
Gbd® ( 25)‘8
W d
tion term for the conditions of the study. Practically all of the tests

in the lunar study were described by values of this prediction term

observed. was selected as the most effective predic-

larger than 1000 (and up to 23,000), primarily because of the very

light wheel loads. Normal earthbound loading of wheels produces much
smaller values of this prediction term, as demonstrated in plate ia,
where the data for pneumatic tires intermingle and lie within a scatter
band only slightly larger than that in plate la. Taken together, the
rigid-wheel data lie somewhat higher than the pneumatic t re data at
values os the predicvion term less than about 150 and sligatly lower
than the pneumatic tire data at higher values of the prediction term.
However, data for the 3- by 28-in. wheel lie much morc¢ nearly within the
scatter band in plate 4a than they dc in plate 3a; and, taken as & whole,

the P'/W values of the rigid wheels appear to more nearly fit the cen-

2 8
tral relation for pneumatic tires when predicted by QE%__, kl - gé)

I

3/2 -
than when predicted by 9&22%__, . (l - %) . Plate Ub demonstrates

that the forme» nrediction term is closely related to F/W ; comparison
of plates 4a and Wb shows that slightly smaller algebraic values of P/W
than of P'/W are obtained for corresponding values of this prediction

term. 2

-8
24, 1n summary, Gbg . (l - %—) predicts in-sand pneumatic

tire performance for a wide range of tire shapes, sizes, and deflections

with reasonable acruracy and predicts rigid-wheel perfcvmance with

18
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better accuracy than any other term examined. Also, a tire or whee.
described within this prediction term need not have a section height.
Data from tests of tires with small values of &/h (i.e. in the 0.01 to
0.10 range) are needed to determine this term's effectiveness for the

small-deflection condition.

25. %-' AS/Q . Because the sponsor of the lunar studies ex-

pressed an interest in evaluating °he effects of tire or wheel contact

pressure on performance, a functional relation was developed that incor-
porated the parameter %-= f(%'. Ag/g
9 Since the hard-surface print of & rigic wheel is & line and

) , where Ac is hard-surface con-
tact area.

does not exhibit a measurable contact area, data for only the pneunmatic i

tires are used in plate 5. The P/W versus %-- A3/2

better defined by the test data than corresponding relations of either

relation eppears

of the two alternative prediction terms considered earlier (compare

plate S with plates 3b and Ub). Thus, the effectiveness of %-- A§/2

in predicting pull/load is considered at least on a par with the two

other alternative prediction terms for sand.
G, ,3/2

W Ac

a. Its form does not permit evaluation of the effects caused

26. Prediction term possesses several disadvantages:

by changes in tire deflectior, tire width, or tire

diameter.

{2

Rigid-wheel performance cannot be described by this term,

and deta are not aevailabhle to determine its effectiveness

in the &/h = 0.01 to 0.1k range.

¢. Measurement Ac varies as a function of a number of
parameters-<b , d , W , &/h (in lieu of inflation pres-
sure), carcass stiffness, etc.--and extensive listings of
Ac for various tire loading conditions ace not routinely
supplied by tire manufacturers.

On the other hand, this prediction term can be profitably used if the

user has available to him an accurate measurement of AC (this can be

obtained easily by coating the tire with a marking liquid and measuring

20




the print area produced on a flat, unyieliiag surface by the loaded, in-

flated tire).

G(bd)3/2
27. Summation. Each alternative prediction term-- -
s\ Gba> 25 Y0 G, ,3/2
- - _ r— . 1 — E—' — . - o 3 1—'
(l h) s T (L 3 , and W Ac predicts pneumatic

tire performance in coarse-grained soils with useful accuracy; and the

second term, in particular, predicts rigid-wheel performance quite well.

G(bd)3/2
The basic prediction term ~w ' h predicts the performance cf

pneumatic tires with circular and rectangular cross sections and &/h
values in the range normally used (and recommended) with better accuracy
than any other prediction term examined; thus, this term is used in all
remaining considerations of in-sand tire performance in this report.

Effects of velocity

28. The tests used to develop the foregoing relations were all
conducted at speeds of 5 to 6 ft/sec. To determine whether wheel trans-
lational velocity Vw affects pneumati.” tire performance in a.r-dry
sand, constant 20 percent slip tests were conducted with 1wo tires whose
major dimensions scaled almost exactly 2:1--the 9.00-14, 2-PR and 4.00-7,
2-PR tires. Tests were made at one deflection condition (8/h = 0.25)
over a very broad range of wheel loads (44 to 1432 1b) and at design
values of Vw from 0.8 to 18 ft/sec. A few programmed-increasing-slip
tests also were conducted with the 9.00-14, 2-PR tire at Vw = 5 ft/sec.
The basic prediction term was used to consolidate the data. The value
of pull coefficient P/W increased progressively as Vw increased, and
the same central line could be used to describe the relation of P/W to
the basic prediction term for both tires at three widely different val-
ues of Vw , i.e. 1.25, 5, and 13 ft/sec (plate 6). That P/W data for
tires of considerably different linear measurements collapse to one cen-
tral relation for three markedly different values of Vw suggests that
the effects of velocity on tire performance do not scale according to
tire size.

29. One means whereby the besic prediction term might be adjusted

tc account for the effects of wheel velocity while retaining the term's

21




dimensionless character is to relate wheel translational velocity Vv
to some characteristic velocity associated with the test material (i.e.
air-dry Yuma sand). A literature search revealed that shear wave veloc-
ity Vsh of an air-dry sand is logarithmicaily related to the vertical
stress beneath the periphery of a rigid footing (termed confining pres-
sure) when the footing is loaded transiently.10 For the investigated
cases in reference 10, confining pressure was calculated at a specified
depth beneath the surface of the rigid footing throug) use of a Newmark
chart. The conditions of the transient-load tests oi a footing are ap-
proximated by loading the soil with a moving wheel; taus, estimates of
shear wave velocities generated by wheels can be obtained by procedures
similar to those in reference 10. Confining pressures were computed

for the 4.00-T7 and 9.00-14 tires for all test loads at a depth equal *o
their respective tire widths, hy using known properties of the Yuma sand
(dry density and void ratio were the principal soil properties), a rec-
tangular approximation of tire contact area, and the procedures in ref-
erence 10. Corresponding values of shear wave velocity Vsh were
computed, and the relation in fig. 6 was produced. This procedure was

rather long and tedious; a very close approximation of confining
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Fig. 6. Approximate relation of shear wave velocity to confining
pressure for Yuma sand
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pressure at a depth equal to the tire width was also obtained simply by
dividing hard-surface contact pressure by 3.4 (note similarity of values
of confining pressure by the two methods in table 4). A study of the
relation between shear wave velocity VSh and wheel translation veloc-
ity Vw relative to their influence on the pull coefficients of the

G(bd)3/2

tires produced the dimensionless prediction term W

.S
h

vsh

(1sovw)l/ 2
. . The ability of this term to delineate the effects of
wheel velocity is illustrated in plate T, where the same central line
shown in plate 2a describes the relation.

30. In summary, an estimate of shear wave velocity Vsh for air-
dry Yuma sand was computed by the relation in fig. 6, where confining
pressure at a depth equal to the tire width was estimated as hard-

( 23/2
surface contact pressure/3.4 ; and the prediction term = b% ) %

150, \/2
. v was shown to account quite effectively for the inflvence of
sh

wheel cranslational velocity Vw on tire perfoirmance. This procedure
lacks thorouvgh grounding with respect to & detailed consideration of the
types of forces that are introduced by changes in wheel velocity and
that influence the tire performence results obtained. The prediction
term in plate 7 shows promise of wide applicability; however, caution is
advised in its use until a more rigorous evaluation of the effects of

wheel velocity is made.

Effects of soil type

31, Fewer single-wheel tests have been conducted in air-dry mor-
tar sand than in Yuma sand. Data taken from table 5 and presented in
plate 8a are sufficient, however, to demonstrate that consistently
smaller values of pull coefficient are developed by tires at 20 percent
slip in mor“ar sand than in Yuma sand for corresponding values of the
basic prediction term. Thus, parameter G apparently is not sufficient

to sccount for the effect of borh friction angle ¢ and density vy

(paragraph 11). i
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32. The relation between penetrat on resistance gradient G and
relative density Dr for three air-dry, coarse-grained, essentially co-
hesionless soils (including the Yuma and mortar sands) has been studied
at the WES, For a given value of Dr » mortar and Yuma sands exhibit
different values of G , &s shown in fig. T, developed from reference 1l.
Mortar sand G values were converted to corresponding Yuma sand G
values by means of their relative density values, and then the new G
values were used to plot the mortar sand test results (plate 8b). The
central line of this plot is the same as that in plate 2a, indicating
that the Yuma sand and mortar cand test results can be described by “he
same relation if relative density is used as a base. Use of the above-
described technique to account for differences in soil type for air-dry,
coarse-grained soils appears promising; however, caution is advised in

applying it until further validation can be made.

Tires and Wheels in Clay

33, Single-wheel, multipass tests in laboratory near-saturated
clay produced values of soil strength thet remained essentially constant
under tire traffic (paragraph 12). Accordingly, pull, torque, and towed
force also remained near ‘constant from pass tu pass; whereas, sinkage in-
creased after the first pass by an ever-decreasing amount, with second-
pass sinkage usually only slightly larger than that on the first pass.
Values of pull, torgue, and towed force reported for esch single-wheel
test in clay are values averaged from all passes; sirkage values re-
ported are those cbtained on the first pass.

Basic prediction term

34, In a manner similar to that used for pneumatic tires in sand,
2
dimensional analysis2 combined three independent pi terms--CL°/W ,
b/d , and &/h--on the basis of their relation to four dependent pi

terms--P'/W , z/d , M/Wra , and Pé/w-—to develop a single dimension-

cba  (sV/2 .
less term, w (ﬁj , referred to in reference 2 as the clay mobil-

ity number. The reiations between this term and P'/W , z/d , M/Wra s
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and Pilw » respectively, are illustrated in plate 9. The data are from
the same single-wheel laboratory tests that were examined in reference 2
for five of the six circular-cross-section tires; the two tests with the
1.75-26 bicycle tire were conducted after reference 2 was written. The
clay mobility number is closely related to the four dimensionless perfor-
Eance terms. HNote that scatter of the data increases for the relations
»f the clay mobility numoer to the pull, torque, and towed force coeffi-
cients as the values of the mobility number increase (and as value of
wheel load decreases for 2 given combination of tire size and soil
strength). The influence of the inertial force included as part of the
P' and P% measurements on the overall values of P'/W and P%/W
generally is most pronounced for light icads for tests conducted in clay
(see hppendix A). Design load W is spacified beside some of the out-
lying points in plate 9, demonstrating *aat a large part of the data
scatter could be associated with very small wheel loads (the smallest
tested for most of the tire size-duflection combinations included among
those singled out in plate 9).

35. Results of single-wheel laboratory tests in saturated, fat
clay were obtained for 12 tires, the same 11 pneumatic tires used herein
in the study of tires and wheels in sand, plus a 6.00-16 solid rubber
tire. The relations in plate 9 are rcpeated in plate 10 for data for
six of the seven tires not included in plate 2. (Data from only towed
tests of the 11.00-20, 12-PR tire are available; the relation of PT/W
to the basic prediction term for clay is shown in a subsequent plate.)
The same central line used in plate 9 to characterize the relation of
the clay mobility number to tne torque coefficient can also be used in
plate 10. (Torque coefficient generally is less sensitive than the pull,
sinkage, and towed force coefficients.) The rectangular-cross-section
tires develop significantly smaller values of pull coefficient and gener-
ally slightly larger values of sinkage and towed force coefficients than
the circular-cross-section tires. Data for the 6.00-16 solid rubber
tire follow a third central tendency in all four relations.

36. The relations in plate 9 (for tires of diameter/width ratios

in the 3 to 8 range) will coincide with those in plate 10 (for tires of
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diameter/width ratios in the 1 to 2.5 range) if a properly formulated
factor tﬁat reflects the influence of tire aspect ratio d/b 1is used in
b (8\/2 1

the clay mobility number. Multiplying ~w (E) by 1—1_737557
causes data for 10 of the 11 test tires to cluster about a single cen-
tral line for each performance coefficient versus prediction term rela-
tion {plate 11). (The departure of data for the 6.00-16 srlid rubber
tire from each central relation is considered a minor deticiency.) For

those tires for which P and P, data are available (as opposed to P'

T
and P& data for the 11 tires considered to this point), the prediction
term ghd | (é)lle . 1 is very closely related to the pull and
w ' \h I+ (bj2q) 'S VeIV closely P

towed force chefficients (plate 12). The central lines in plate 12 in-
dicate slightly smaller values of P/W and slightly larger values of
PT/W than those obtained in plate 11 for P'/W and Pé/w , respec-
tively, with these differences decreasing in magnitude as values of the
prediction term decrease. This result agrees with findings in Appen-
dix A and paragraph 13. b s 1/2 L

37. In summary, the term ~ (;) . if:—zs7§aj' predicts the
four tire performance coefficients with useful accuracy for practically
all pneuwsatic tire shape; now normally encountered. The form cof this

prediction term is simple and similar to that of the basic prediction

term for sand, ngli/—é . % . Thus, -c%;g . (%)1/2 "Tr /24 is re~

ferred to herein as the basic prediction term for clay.

Alternative prediction terms

2
CLd 8 1 - ]
38. o (1 - h) T To7za) A procedure similar to that

used in the development of the basic prediction term was used to relate

functions of €, b, 4, W, and (l - %) to the dimensionless perfor-

mance terms. (l - ﬁ) was chosen as the deflection term so that the per-

formance of tires and wheels of a very broad range of deflection condi-
tions could be predicted. As illustrated in plate 13a, this alternative

prediction term correlates with pneumatic tire pull coefficient dats
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almost as well as the basic prediction term (plqtélll),”and collapses
pull coefficiert data for the 6.00-15 .solid.rubber tire to the central
relation of the »neumatic tires much more effectively than does the
basic prediction term. The one outlying data point for the solid rubber
tire suggests that too- large values of the bull coefficient may be pte-
dicted for tires with small-deflection values:as values of the alterna-
tive prediction term become large. {A similer trend was noted for the
corresponding prediction term for sand in plate 3a and paragraph 21.) ‘
Plate 13b shows that very slightly smaller values of P/W than of P'/W,
(plate 132) are obtained at correspondiﬁg values of the alterﬁative‘pre-

i
diction term.

1/2 3/2 Y : '
39. -——“-——— (l +. -—-) . This term was developed to allow the

performance of tires and wheels in fine-grained s¢ils to be predicted

on the basis of C , W, 6 , and only two tiic zize megsures , width b
and diameter d . Comments made in ‘paragraph 38 relative to the posi-~
tioning ~f data 1n plate 13a epply almost dlrevtly to piate 1lha, except
the latter shows slightly more data ‘seatter. This slternative term pre-
dicts the performance of pneumatic tires thte well, and‘predicts the
performance of solid rubber tires (&/n values as small as C.601) rea-
sonably well for values of pull coefficient up to about 0.L. Aga;n,
slightly smaller values are obtained for IP/W than for P'/Wl, 2ll con-
ditions being equal (plate 1ub).

4o. CAn/W . Thé success achieved in incorporating h&yd—surface
contact areg;i;:_an a prediction term for sand (paragraphs 25 and 26)
suggested a similar application for clay. A general relation exists bg-
tween CAC/W and pull coefficient, measuredleither‘és P/W or P'/W
(plate 15), but the data scatter is excessive.. Thus? use of CAC/W to
predict tire performance in fine-grained soils does not appear Justified.

bl. It is of interest to note that CAC/W is the ratio of cone
index to hard-surface contact pressure W/Ac . If the shfar'strength ]
of soil is taken as the dominan! soil parameler that contridutes to a
tire's performance, and- s is approximated from Coulomb Ly s ='¢c

+ p tan @ (c = cohesion, p = contact pressure, and @ = angle of

28




t

1

internal friction of the soil), then for purely cohesive soils, tire
performance is irdependent of p (or 'vI/Ac for tires), and for purely
frietional soils, tire performance changes directly with p . Tire per-
formance in cohesive soils is affected by tire size and shape; however,
plate 15 illustrates that these effects are not delineated through use
of simple contact area (and contact pressure). This plate, together

with plate 5, generally support the hypothesis with regard to soil shear
strength.

b2, Summation. Both alterna‘’ive prediction terms Q%Q
. (l - -6-)“2 . 2 and \’_‘_‘::_1./2__9_3_/_2_ . (l + Bi)u -edict pneumatic
h 1+ (b/23d) W d P P

tire performance in clay with useful accuracy and predict solid tire
performance with reasonably good accuracy; the scatter of the data in-
. creased as values of the prediction terms increased. Hard-surface con-

tact area Ac appears not to delineate effectively the influence of
: cha [ 8\/2
i tire geometry on performance. The basic prediction term w (K)
L . . .
1+ (b/2d) is more closely related to the tire performance coeffi-
cients than any other prediction term examined herein for pneumatic

tires with &8/h values generally used (and recommended) in off-road

operations.

Effects of velocity

43. All of the foregoing relations for lires operating in clay

| were developed with data obtained in tests at values of wheel transla-
tionul velocity Vw of 5 to 6 ft/sec. To determine whether Vw
xaffects tire performance in saturated clay, tests were made with two
essentially 2:1 scale-model tires (the 9.00-14%, 2-PR and the 4.,00-7,
2-PR) at one deflection condition (6/h = 0.25), a wide range of wheel
loads, and velocities that ranged from 0.5 to 18 ft/sec. The basic pre-
diction term for clay was used to consolidate the data. Close examina-
tion of the data in plate 16a reveals *hat, for a given value of pull
coefficient, the value of the basic prediction term generally decreased
slightly with increasing values of Vw for each tire size. Also,

values of the basic prediction term for the 9,00-1l, 2-FPR tire were
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generally larger than those for the 4.00-T, 2-PR tire at corresponding
values of pull coefficient.

L4, One means whereby these trends can be diminished or removed
is to increase the value of cone index as translational velocity in-
creases, and to scale the size of this increase in inverse proportion to
tire size. 1In a study at the WES of the effects of velocity on the pen-
etration resistance of rigid co.cs of one shape (right circular, 30-deg

apex angle) and a large range of sizes in three saturated, fine-grained

C Vx/dx 0.092
soils, the relation T - 7—75— was developed to describe the
s s' s

effects of viscosity on the penetration resistance of fat clay.l2 (Here,
Cx is cone index obtained at any particular velocity Vx with a cone
of diameter dx H Cs is synonymous with C and is cone index obtained
at velocity V_ = 72 in./min with a cone of diamet=zi d_ = 0.798 in.)
If width b for a tire is chosen to correspond to characteristic linear
dimensicn dx for a cone, and wheel translational velocity Vw is sub-

stituted for cone penetration velocity V_ , the equation C_=C
0.092 x x

vV /b
: §!75“ is obtained. Multiplying the basic prediction term
g ’s
Vw/b 0.092
by W inproves the relation in plate 16a considerably, but

produces prediction. term values smaller than those in plate 12 by 2 out
25 percent. This difference can be eliminated either by multiplyirg by
0.80 or using 0.1V in the velocity term [(0.1)0’092 = 0.809] . The

same central relation as that in plate 12 is produced when the basic

0.1v /b %%
prediction term is multiplied by VTa (plate 16b).
s's
45, The collapse of the test data to a central relat:on indicates
0.1Vw/b 0-092
that use of —V—7a—- tc account for velocity effects is basi-
8" s

cally correct. Two very brcad assumptions were made in applying this
term--(a) tire width b 1is the characteristic linear dimencion of the

tire (likely this is nearly correct, at least for cases of tire sinkages
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that are small relative to b , as would be expected for tires operating
at high speed), and (b) soil penetration resistance changes with the
translational velocity of a tire at 20 percent slip in a manner similar
to its change with penetration velocity of a cone. Although plate 16b
0.1Vw/b 0.092

—_— s C.ation is ad-
Vs/dS

vised in its use since the technique needed to account for the effects

indicates general success in the use of

of velocity on tire performance obviously needs refinement.

Effects of soil type

6. WES single-wheel laboratory tire tests have been made in only
one saturated, fine-grained clay. Very likely, tire performance is in-
fluenced by differences among values cf several parameters for a variety
of fine-grained soils; these effects will be studied in future tests.
Effects of tire surface‘
and soil surface condit.ions

47. Four 6.00-16, U-PR tires, each with a different type of outer

surface (nondirectional tread, aggressive chevron tread, smooth with
traction aid, and buffed smooth (i.e. no tread)) (fig. 8) were tested at
a deflection of 0.35 (in most tests) in saturated, fat clay with three
types of surface conditions (unflooded, flooded and undrained, and
flooded and drained).13 Since preparation of these types of soil sur-
faces often produced nonuniform soil strength profiles with depth, and
since the soil layer very near the surface influenced tire performance
most, cone index in the O- to 1l-in. layer was used to characterize soil
strength. Pull remained unchanged through five passes in the unrlooded
soil, increased with each pass in the flooded and drained soil, and dz-
creased with traffic in the flooded and undrained soil. First-pass pull
performance for the flooded and drained and the flooded and undrained
conditions were essentially the same. The magnitude of pull depended to
some extent on the duration of the flooding; lowest pulls due to slip-
periness were attained when the flooding period was btrief and the soil
strength high.

L8. For a g.ven wheel load, the value of loss of pull tue to
flooding, expressed as a percentage of the pull in th= unflooded
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a. 6.00-16, L-PR tire with non- b. 6.00-16, 4=PR tire with
directional military tread aggressive chevron tread

—
NPECTION
OF ROTATION

»

c. 6.00-16, 4-PR smooth tire with d. 6.00-16, L-PR smooth tire
traction aid

Fig. 8. Test tires used in study of effects of wet-surface conditions
on tire performance
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condition, was essentielly a constant for each tread pattern, ard took
values of approximately 4D, 50, 60, and 90 percent for the nondirec-
tional, aggressive chevron, smooth with traction aid, and buffed smooth
tires, respectively. In the unfiooded soil, the tread pattern made a
noticeable difference in performance {plate 17a). The tire equipped
with tract: on aid developed the largest values of pull coefficient, the
values developed by the smooth “ire and the tire with aggressive chevron
tread were about 15 percent smaller, and those produced by the tire with
nondirectional tread were smaller by about 30 percent. The central re-
lation of pull coefficient to the basic prediction term for the smooth
6.00-16, L-PR tire tested in unflooded sections (plate 1Ta) was somewhat
different from the central line in plate 11 for 11 smcoth pneumatic

tires (solid line in plates 17a and 1Tb). This difference resulted, at
least in part, because an indicator of soil strength over the 0- to 6-in.
layer was used for the relation in plate 11. Obviously, too, the dirfer-
ence between shapes of the two curves is an indication of the precision
with which the relaticns in plate 11 can be applied te a particular tire-
s0il situation. Relative to the curve transferred from plate 11, only
the smooth tire with traction aid develerped significantly leiger values
of pull coefficient over an extended rang: of values of the basic predic-
tion term.

49. In flooded soil, the treaded tires and the smooth tire with
traction aid perf~rmed about equally well and considerably better than
the smoctn tire (plate 17b); however, all the tires performed far worse
in the flooded ~nuditions than the buffed-smooth tires tested routinely
in unflooded test sections.

50. In summary, flooding a near-saturated fine-grained soil
greatly reduces the pull performance of tires with foui very different
surfaces (plates 17a and 1Tb). Prctrusions from a tire surface (whether
integral tire tread or attached traction aid) appear to improve tire per-
formance sign. ficartly in flooded soil test sections, largely because
they "bite" through the weakx soil surface to gain traction in stronger,
under lying soil layers. For this environment, the type or shape of the

protrusion used appears to influence performance only slightly. For the
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unflooded soil surface condition, a smooth tire performed generally as
well as or better than the two treaded tires, and the tire with tracticn
aid performed better than the smooth tire only after values of the bzaic
prediction term exceeded about 7. For this condition, soil strength and
slipperiness were essentially constant with depta, so that penetrating
the soil surface with tire protrusions did not influence pull perfor-

mance as much as it did in the flooded test sections.
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PART III: VEHICLE VERSUS SINGLE-WHEEL PERFORMANCE

Limitations

1. Only the basic pr:licztion terms for sand and for clay are ccn-
sidered in the remaining analyses in this report. Before any of the re-
lations presented unerein for tires tested singly in the laboratory are
extrapolated to the prototype vehicle-field situation, cognizance must
be taken of several major, largely uninvestigated factors that influence
this operation.

Soil_ classes

52. The single-wheel tests were conducted on only t-io broad soil
classes: (a) air-dry, almost purely frictioral sand s . (b) near-
saturated, almost purely . ohesive clay. Prediction terms that were de-
veloped differed basically according tc these two soil classes. Thus,
to this extent, scil class .fication is a needed independent parameter,
and extrapolation of relat.ons developed from the test data will be
valid for any given soil oa.'y insofar as that soil's prouperties approxi-
mate those of one of the two soil classes tested.

53. 'The restriction above is not too severe, since the two tested
soil classes represent -a very broad spectrum of field environments theat
pose significant problems for wheeled vehicle mobility. The prediction
term developed for sand can be used for soils that occur on sand beaches
and in dune areas, and for predominantly szndy soils that are dry and
loose, especially near the surface. The prediction term developed for
clay can be used for wet, scft, fine-grainel =nd clayey soils, e.g. rice
paddies, marshes, tilled fields during the wet season, low-lying bottom-
lands, etc. Neither prediction term developed from tests in the labora-
tory will provide a good estimate of performance on fine-grained or
clayey soils that are dry or only moist; however, vehicles generally
perform much better in dry-to-moist soils than in those used in the lab-
oratory test program. Thus, for design considerations, relations devel-
oped from laboratory tests in the two broad soil classes generally pro-

vide for the worst probable soil conditions,
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Soil strength profiles
54k, Prediction of field results by laboratory-developed relations

is limited seriously by the fact tha’ ine laboratory relations are
strictly valid only for soil strength profiles that are uniform with
depth (near constant penetration resistance for clays, linearly increas-
ing for sands). Layered or nonuriform soils have not yet been studied
enough to understand and correlate the influences of soil strength dis-
continuities. Without doubt, layered or nonunifcrm soil strengths can
markedly affect wheel performance, and some of the differences between
labo. t ry and field test results stem from dirferences in scil profiles
obtain.d in the two environments.

Tread pal.tern

55. The effect of tread pattern is a largely wunevaluated tire
parzmeter closely related to the problem of layered soil. Tire tread is
known to be important when it allows the tire to obtain contact with a
stronger soil layer. 1In all routine tests to date, tread was removed
from the test tires to prevent tread effects being confounded with other,
more basic tire parameters (size, shape, etc.). A very limited amount
of test data was obtained in the study of pneumatic tire performance on
clay with a slippery surface (paragraphs 47-50); sufficient data are not
avajlable, however, to evaluate tread pattern in a design analysis, even
in a relative sense,

Translational velocity

5€. Relations have been developed that appear to account for the
influence on tire performance at 20 percent slip of wheel translational
velocity over a relatively wide range of values (about 1 to 18 ft/sec)
in sand and in clay (paragraphs 28-30 and 43-45, respectively). Further
study is needed to develop accurate, gquantitative descriptions of soil-
wheel in“eractions in teims of effects class.cally used to describe the
influence of velocity (i.e. in terms of viscous effects, inertial
effects, etc.).
Wheel slip

5T. For tne cingle-wheel test data examined herein, three of the

four perfcrmance parameters--pull, torque, and sinkage--were evaluated
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at one slip level, 20 percent. For most of the test data, this resulted

in sampling the performance parameters at 90 percent or more of their
maximum values. The 20 percent slip level is considered a reasonable
design basis because (a) slightly conservative predictions of attainable
performance usually are desirable, and (b) for many situations, particu-
larly in clay, the slight increase in pull obtained by operating at slip
values larger than 20 percent is more than offset by associated penal-
ties of excessive sirkage and reduced forward movement. An ability to
predict tire performance at any of a wide range of slip values would im-
prove the description of the tcwed condition, in particular, since this
performance level occurs over a fairly wide range of negative slip val-
ues (about -1 to -15 percent), and different test techniques have been
found to produce different values of towed force, all conditions being
equal.1h

Vehicle operating characteristics

58. Conventional, full-scale, wheeled vehicles possess several
operating characteristics that usually cause their average wheel perfor-
mance to be worse than that obtained for any one of their wheels tested
singly. Among these characteristics are differential wheel slip (front
to rear, or side to side, or both), change in wheel load due to dynamic
weight transfer, steering forces, and differences in motion resistance
caused by imperfectly tracking rear wheels. A detailed description of
the mechanism of wheeled vehicle dynamic weight transfer has been formu-
lated.15 Test-proven, quaniitative descriptions of the effects produced
by each of the above-listed vehicle operating characteristics are
largely lacking.

Summation

59. Relations have been developed from the single-wheel labora-
tory tests to predict tire performance for a very broad range of values
of wheel load, soil strength, and tire size, shape, and deflection.
Scant knowledge of the effects of scveral important soil and tire param-
eters (paragraphs 52-57) and of several vehicle operating characteris-
tics (paragraph 58) causes problems in exirapolating the single-wheel
laboratory relations to pr=dict prototype wheeled vehicle performance in

the field.
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Tests in Sand

Extrapolating single-wheel,
multipass relations to
predict vehicle performance

60. Prediction of the performance of a pneumatic-tired vehicle
with two or more wheels traveling in th- same path imposes a requirement
similar to the prediction of the performance of a single vheel on each
of multiple passes in a single path. In either case, the performance of
each wheel is influenced by the soil condition created by the preceding
wheel cr wheels. For air-dry Yuma sand, the value of G may either in-
crease or decrease under the action of tire traffic, depending on sev-
eral factors (initial soil strength, wheel load, tire size, etc.). Thus,
use of the before-traffic measurement of G causes more scatter in rela-
tions involving muwltipass, single-wheel data than use of values of §
measured just prior to each pass. This increase in scatter must be ac-
cepted as a necessary crudity, however, since it is not practical to mea-
sure soil strength just prior to the passage of esch individual wheel of
a vehicle.

61. Relations of the pull and towed force coefficients to the ba-
sic prediction term QLE%23£E . %- are demonstrated in plate 18 for all
second-pass and third-pass conditions of single-wheel tests in which
pull values were corrected for the effects of inertia. Scatter of the
test data is relatively constant between passes, with the central lines
indicating that values of P/W and of PT/W are smaller for the third
pass by a very small amount for all values of the basic prediction term.
A comparison of results of pass one and pass two (plates 2 and 18) shows
that values of P/W decreased considerably with traffic, vhereas values
of PT/W showed very little change.

62. To simulate the performence of two- and three-axle wheeled
vehicles, data from the multiple~pass tests in table 9 were combined as
follows: (a) The pull (or towed force) coefficient for two- and three-
axle vehicles was teken as the average of the correspconding coefficient

for passes one and two, and for passes one, two, and three, respectively,
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of the single wheel. (b) Vaiues of W in the basic prediction term
were taken as the average of wheel lcads either for passes one and two,
or for passes one, two, and three, respectively. (All other factors in
the basic prediction term were constants, with G the before-traffic
measurement.) Plate 15 demonstrates that this procedure produced very
well-defined relations of the pull and towed force coefficients to the
basic prediction term, and that each of these relations is effectively
delineated by a single central curve. The curves in plate 19 are in-
tended to simulate both two-axle and three-axle vehicle performance in

the laboratory.

Laboratory tests
of Lxl vehicles

63. Three standard military vehicles equipped with treaded tires
were tested at constant 20 percent slip in Yuma sand test sections that
were prepared in the same manner as those for the single-wheel tests.
The test vehicles were carefully steered in a straight line at low for-
ward speed. Results of the tests are shown as discrete data points in
plate 20. The smooth curve in plate 20 is the same as the curves in
plates 19a and 19b, and represents very well the central tendency of the
relation produced from the performance data of the three test vehicles.

Field tests of wheeled vehicles

64. Field tests have been conducted on coarse-grained soils in
various rtarts of the world with a variety of military vehicles.l6 In
nearly every case, most, if not all, of the factors discussed in para-
graphs 52-58 were acting. Sand at the test sites usually was moist or
even wet; drawbar-pull tests usually were not run at a controlled slip,
but were made at several levels of pull with only the data relevant to

the maximum attained pull recorded for each test; and no special provi-

sions were n~de to control differential wheel slip, dynamic weight trans-

fer, or steering forces. To effect even a first-order evaluation of the
basic prediction term for sand, the following assumptions were made:

a. The cohesive forces were negligible.

b. An equivalent G can be computed from the O- to 6-in.

penetration resistance data recorded in the reference
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(see Appendix A). This implies that the rate of increase

of strength vwith depth (G) was nearly constant for a
given Tield test to at least the 6-in. depth.

c. The vehicles were loaded sc that each tire carried an
equal share of the load.

65. Maximum-drawbar-pull data from field tests with various kLxh
and 6x6 vheeled vehicles are recorded in table 12, and towed-test data
in tabie 13.3 The tests were conducted on dry-to-moist sands on various
ocean and river beaches and dunes in the United States, and on beaches
in the South Pacific and in France. The basic prediction term for sand
consalidates a3l the maximum-drawbar-pull data to one relation and the
towed data to another, so that a single central curve can be used to
delineate each (plate 21). This is encouraging, since a wide variety of
tire sizes, shapes, deflection conditicns, tread patterns, loads, and
coarse-grained soil con:tions are represented. It indicates, also,
that the assimptions li~ted in paragraph 64 provide a valid basis for
grouping vehicie performance data.

66. 1In plate 22, the central curves from plates 19 and 21 are com-
pared. For each relation, the field and laboratory curves have the same
general shape, and consistently poorer performance was obtained in the
vehicle field tests than in the single-wheel laboratory .csts. The cen-
tral lines established for vehicle performance in the field offer the
basis for a tentative performance prediction system, and for design cri-
teria for vehicles operating in dry-to-moist sands (plate 23). These
curves can be used Lo forecast the mobility of existing vehicles or to
select tires that will provide the desired degree of sand mobility for
existing or proposed vehicles. Examples for applying these curves are

presented in Appendix B.

Tests in Clay

Extrapolating single-wheel
multipass relations to
predict veliicle performance

67. No vehicle tests have been conducted in the liaboratory in

2lay because multipass, single-wheel tests showed that cone index, tire
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pull, and torque remain essentially constant under tire traffic in the
laboratory (paragraphs 12 and 33). If the strength characteristics of
fine-grained soils encountered in the field are approximated by those of
the laboratory clay, and if none of the factors discussed in para-
graphs 52-58 degrade field vehicle performance, then the average tire
performance of a vehicle shoul. equal that obtained in single-wheel,
multipass tests in the laboratory. Unfortunately, neither of these hy-
potheses is even roughly satisfied in typical vehicle operations in the
field. All of the factors i paragraphs 52-58 do affect wheeled vehicle
performance in fine-grained soils, so that poorer performance in the
field is expected. Also, soil conditions encountered in the ficid are
often anything but homogeneous, and the scil may either gain ox lose
strength under wheeled traffic. At least two options for characterizing
in-the-field, fine-grained soil strengith present themselves. First, the
before-traffic soil condition described by the average value of cone in-
dex within a specified soil layer can be employed; i.e., identically the
same technique that has been used in the laboratory can be appiied to
the field situation. A second technique that has been used for a number
of years at the WES to describe the state of the soil for trafficability
purposes (i.e. for repeated traffic, usually 50 passes, of vehicles in
the field) involves an attempt to convert the before-traffie average
cone index value to the value that predominates during the trafficabil-
ity test. This is done by multiplying before-traffic average cone index
by the dimens.onless remolding index RI* for the particular soil. layer
of interest to obtain the rating cone index RCI . Cone index measure-
ments are made at the surface and at l-in.-vertical increments to a
depth of 4 in. before and after compaction. The ratio of the sum of

cone index values obtained after compacticn to the sum of those obtained

* RI is obtained by placing an undisturbcd sample of the test soil,
approximately T in. long and 1.9 in. in diameter, in a cylinder of
approxrimately the same dimensions attached to a base plate, and sub-
Jecting the soil to 100 blows wiih a 2-1/2-1b hammer falling 12 in.
(fig. 9). For very weak soils (cone index values of about 10 and
under) the sample is enclosed, and the entire test instrument is
dropred 25 times onto a rigid surface from a height of 6 in.
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before compaction, expressed as a decimal, is the remolding index. No
claim is made that this mechanical technique® duplicates the action of

a wheel in soil; it is emphasized, however, that RCI correlates more

~closely with parameters that describe trafficability test results than

does any of a number of other soil parameters that have been investi-
gated ig the trafficability studies. In particular, RCI has been found
very effective in collapsing to a single relation trafficability test
results obtained in a wide varietv of fine-grained soil types and
strengths. Both average cone index and RCI, each measured in the 0- to

6-in. layer, are examined herein for their utility in describing soil

'styength for the one-pass, in-the-field, wheeled vehicle situation.

Field tests of wheeled vehicles

68. Unlike the laboratory tests, field tests ususlly were not run
at a controlled slip, but were made at several levels of pull. Since
the puli-slip curve for clay does not peak at 20 percent slip (fig. 3b),

'as it does for sand (fig. 3a), the influence of differentizl wheel slip
_should influence vehicle performance in clay less than it does in sand.
The fact that wheel pull usually increases monotonically with slip (al-
beit the rate of incrcase in the range of positive slip values larger
'than about 15 percent is small) causes maximum pull to be attained when
the wheel is making very little forward movement. Under these condi-
tions, the wheel is performing near-zero useful work. Thus, a perfor-
mancé parameter that describes the work performed by the wheel is needed
to select the =lip level at which pull should be sampied. Work output
_index is a aimensionless number that indicates the vehicle's towing

ability and is defined as follows:

distance vehicle traveled _ 2.(1 - slip)
distance wheels traveled W s:ip

Work output index = 5-x
i

Wheel slip at which the maximum work output index occurs is termed opti-
‘mum slip.

69. 'Data from field tests of five wheeled vehicles are presented

* ' See footnote on page 1.
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17,18 of the

in tables 14 and 15. These data were obtained from only two
many sources examined because only in these two references were suffi-
cient puli and slip data reported to define with some assurance the
value of maximum work output index, and hence optimum slip. Refer-
ence 17 and this report use values of P/W obtained at the slip value
where a plot of work output index versus slip indicates maximum work
output. Corresponding plots were made for those tests in reference 18
for which sufficient pull and slip data were available to define the
maximum work output condition (fig. 10). Values of ootimum slip from

these two references fall in the 15 to 30 perceni slip range (table k),
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but average 20.5 percent and cluster ciosely about this value (standard
deviation of 3.6 percent slip). Thus, data sampled at the 20 percent
slip point in the laboratory single-wheel tests in clay can justifiably
be compared with wheeled vehicle performance data sampled at the optimum
slip level in field tests.

T70. Values of towed force coefficient and pull coefficient at
maximum work output obtained in the field tests of five wheeled vehicles
correlate quite well with values of the basic prediction term for clay
when either cone index or RCI in the 0~ to 6-in. layer is used to char-
acterize soil strength (plates 24 and 25, respectively). This is en-
couraging not only because a variety of vehicle configurations, wheel
loads, and tire sizes, shapes, and deflection values are includec among
these data, but also because soil strength conditions from the field ap-
pear to have been adequately described in terms of either cone index or
RCI. Before-traffic values of cone index at l-in. vertical increments
in the 0- to 6-in. layer often differed by at least a factlor of 2 for a
given cone index profile, as shown in tables 1k and 15.

Tl. Central lines used to describe the laboratory and field test
results are coumpared in plate 26 for soil strength described by cone in-
dex. Values of pull coefficient increase much more rapidly for the
field than for the laboratory data for values of the basic prediction
term up to about 6.5, and much more slowly thereafter. The Y-axis as-
ymptote of the equation used to describe the field data agrees with WES
experience that wheeled vehicles in the field rarely attain P/W values
larger than 0.8 at optimum slip in wet, fine-grained soils. The centrel
lines of the towed force coefficient versus basic prediction term rela-

tion for field and laboratory have the same shapes, but the curve fcr

the field data is located above and to the right of the laboratory curve.

72. Average wheel performance of vehicles in the field was ex-
pected to be different (and generally poorer) than single-wheel per-
formance in the laboratory because of the factors presented in para-
graphs 46-50 and 52-58. Probably most influentiai of these in-the-rield
factors wevre differences in soil types, irregularity of soil strength

profiles (extremely so in some cases), slippery soil surfaces, and
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changes in soil strength caused by wheeled traffic. Also, large values
of the basic prediction term were usually produced in ti.z laboratory
with noderate values of C (none larger than 68) and very small vilues
of W (as =mall as 100 1b). Corresponding values ir. the field were
obtained with very large values of C (over 100 in some cases) and mod-
erate values of W (none smaller than about 1800 1b). The laboratory
condition--moderate C , very small W--appears either to produce bet-
ter tire flotation or to utilize soil strength better than the field

codition.

T3. The comparison of central relations from laboratory and field
is not as straightforward for soil strength measured by RCI as it is for '
soil strength measured by cone index. This occurs, first, because RCI
measurements were not routinely taken in the laboratory single-wheel
program. To get an indication of the values that would have been ob-

tained, cone index and RI were measured in the 0- to 6-in. layer at

A T e e v vk e et % st ot

three locations in each of three representative test sections of the
laboratory clay (a low-, an intermediate-, and a high-strength section), ;

and RCI values were computed. The following values were obtained:

Low-Strength Intermediate-3Gtrength High-Strength
Test Section Test Section Test Section ;
Location No. 1 2 3 1 2 3 1 2 3 ’

Cone index 22.7 22.1 17.9 32.9 32.6 32.9 67.9 T76.9 T1.1
RI 0.83 0.95 0.86 0.93 0.92 0.98 0.93 0.87 0.8k
RCI 18.8 21.0 15.4 31.5 30.0 32.2 63.1 66.9 59.8

The average of the nine RI values is 0.90, and there appears no rational
correlation telseen RI and cone index. It was reasonable, then, to mul-
tiply the abscissa term of the central lines for the laboratory data in
plate 12 by 0.90 to approximate the relations expected if RCI measure-
ments had been available. These adjusted central lines are shown in
plate 27, together with the central lines obtained for the field data
(from plate 25). The relative shapes of laboratory and field curves for
the P'/W versus basic prediction term relaution in plate 27 ure cimilar

to those obtained when soil strength is described by cone index
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(plate 26); in plate 27, however, the field curve lies above the labora-
tory curve for X-axis values from about 3.1 to 6.3. Vehicle operating
characteristics are thought to cause worsé overall vehicle performance
than that expected of each of its wheels tested singly (paragraph 58),
which implies that RI for the field tests reduced the soil strength mea-

surement (RCI) too much for values of

1/2
(RCI)bd | (g 1 less

W h "1+ bv/2a
than about 6.3. (Values of RI in this range of prediction term values
averaged 0.69.) The central lines of the towed force coefficient versus
basic prediction term relation for the field and laboratory data in
plate 27 are aligned in a fashion similar to corresponding curves based
on cone index in plate 26.

T4. On the basis of field and field-versus-laboratory data pre-
sented herein, no clear-cut decision can be made regarding which of the
soil strength descriptors--average cone index or RCI--should be used in
predicting one-pass wheeled vehicle performance. Slightly less data
scatter was achieved using RCI (see pl.tes 24 and 25), but the central
linzs of the laboratory and field data for the pull coefficient versus
basic nrediction term relation indicate that RI affexted RCI values ob-
tained for the laboratory and field test soils differently (plate 27).

A reasonable test of the adequacy of RI to indicate change in strength

for one pass of a wheeled vehicle would involve comparing RI values with

after-one-vehicle-pass average 0- to 6-in. cone index o
before-traffic O- to €-in. cone index Tora

number of combinations of soil type, :0il strength, wheel lcad, vehicle

the ratio

configuration, tire size, tire share, and tire defleclicn. Very likely,
a l-tc-1 correlation between these twc terms would be obtained only
after some modification is applied to the process for obtaining RI. (RI
was developed for the multipass situation; see paragraph 67.) Since no
after-first-pass cone index measurements were taxen for any of the field
tests reported herein, comparison of RCI with after-first-pass average
cone index must await further testing.

T75. At this point, then, the "problem" of chonsing between cone

index and RCI is somewhat moot, since each of these measurements was

shown to correlate quite well with major parameters that describe
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one-pass wheeled vehicle performance. Because WES experience has shown
that RCI effectivel; describes soil strength on a common basis for a wide

variety of t;pes and consistencies of fine-grained soils, relations de-

veloped in the remainder of this report for vehicles operating ir fine-
grained soils use RCI for the soil strength measurement. The central ;
relations established for field vehicle perf :mance in wet, fine--grained

soils are presented in plate 28. These curves are suggested for use in

a tentative performance prediction and/or vehicle design system; ex-

amples for applying them are presented in Appendix B.
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PART IV: DESIGN CRITERIA

76. The following relations were determined by using the basic

prediction terms for sand and clay

. i—;—%37§€7', respectively, and the equations used to characterize

G(bd)3/2 8, Cod (_6_)1/2
W h W h

near-maximum-pull dats obtained for vehicles in the field in sand and
clay (plates 23 and 28, respectively). Similar relations would be ob-

tained if the alternate prediction terms were used.

Tires for Vehicles Operaving in Sand

Optimum load
77. Consider the relation for near-maximum pull/load from

plate 23, i.e.

3/2

P_ ___a=05.5 _ 3(bd) 8
W= T.92a + 37.20 » vhere a = ——y h (1)
> El - 5.50
P___W : ) - 3/2 [ § _
i kl , where kl = G(bd) - aW
1.92 — + 37.20
W
D _ k) - 5.504
W T.92k, + 37.20W
So
2
k.W - 5.50W
P = —% (2)
1.92k, + 37.20W

It there is an optimum load, then a plot of pull versus load will ex-~

nibit a peak and dP/dW at that point will equal O.

@ _ (1.92k, + 37.20w)('kl - 11.00W) - (klw - S.Sowz)(37.2o) _,
W ; 2 -
(1.92k, + 37.20W)

fT]
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or
1.92k% - 21,12k W + 37.20k W ~ 409.20W° ~ 37.20k W + 204.60W = 0
Then
~20l.60W° - 21.12k W + 1.92k§ =0
ard
2 2
Lo t_\K21.12kl) - h(—20h.60?(l.92kl)
opt 2(-20%-60)

21.12k, - W.92k,  -23.80k
-409.20 = 7109.20

1

= 0.05821:l (3)

From equation 2:

. k,(0.0582k, ) - 5.50(0.0582k, )
opt 1.92k, + 37.20(0.0562k.)

~ 2 2
u.0582kl - 0.0186kl

= “Took. ¥ 2.165k. - 0-00969%k, (4)
1 1
and Popt 0.00969k o .
wopt 0.0582kl

78. Thus, there are unique values of ortimum load, optimum pull,
and optimum pull/optimum load (equations 3, 4, and 5, respectively) for
each particular sand-pneumatic tire situation. The ratio Popt/wopt
should not be confused with pull coefficient P/W wused to characterize
near-maximun wheel pull performance in all considerations prior to para-
graph 77. A particular value of P/W 1is obtained at each particular
value of the basic prediction term, and values larger than 0.166 obvi-
ously are possible (plate 23). However, an optimum (or absolute maxi-
mum) pull is obtained for one particular value of load (wopt) at one
le.el of pull/load (i.e. Popt/w0pt = 0.166 , equation 5) for all tires
in sand (plate 29).

79. The relations developed in paragraph 7T are illustrated in

plate 29 for one particular combination of tire size and deflection and
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several values of penetration resistance gradient G . It will be noted
that. the shape of each curve is parabolic, and that a line drawn through
the crigin at a slope P/W = 0.166 passes through the maximum value of

P for each curve. £Also, the values of PCp increase directly with

increasing values of G , and the absolute leue of P decreases as the
value of P/W either increases or decreases from 0.166. Thus, the val-~
ues of P/W larger than 0.166 in plate 23 are necessarily asscciated
with smaller loads than those required to produce optimum pull (P/W's

> 0.166 fall to the left of P/W = 0.166 in plate 29). Equation 1 in-
dicates that increasing the value of a to a very large number (as oc-
curs wvhen the value of W becomes smaller, G becomes larger, etc.)
causes the P/W value to approach a limit of 1/1.92, or 0.521. It is
of interest to note that 0.521 is the tangsnt of 27.5 deg, a value which
is fairly representative of the angle of internal friction of many nat-
ural dry-to-moist sands.

Immobilization losd

80. Yor most practical situations, the extreme load of interest
is not a very iight load, but the maximum load that a particular tire
can transport. Immobilization loed WI , Or the minimum load needed to

cause zero pull, is computed from equation 1 by determining the load

3/2
that causes a - .50 to equal zero. Then, with kl = 913%%1——— : g-,
kl - 5.50WI
W =k,/5.50 (from the relation P/W = T.92k, + 37.20W, = 0 for the
immobilization condition). Since wopt = 0.0582kl (from equation 3),

the ratio wopt/wI = 0.0582k]/(kl +5.50) = 0.32 , a constant. Thus for
any particular tire-sand situation, immobilization occurs at a load ap-
proximately 1/0.32 or 3.1 times larger than the optimum load. The immo-
bilization condition is an extremely important consideration in the
design of tires for off-road use. In fact, running gear configurations
for wheeled vehicles designed to operate off-road should be chosen pri-
marily on *he basis of an acceptable minimum soil sti=ngth G and the
requirements imposed on b , d , and &/h by the immobilization condi-

tion Jor that value of G .
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Effect of tire size and

deflection on wheel pull

81. Effect of tire width and diameter. Values of pull coeffi-

cient (plate 23) and optimum pull, optimum load, and immobilization load
(plate 29) all increase directly with increasing values of the basic
prediction term. In this term, tire width b and diameter d each -are
raised to the same power, indicating that width and diameter affect tire
performance equally. Whether to increase width or to increase diameter
to improve tire performance must be decided from considerations relevant
to each particular vehicle running gear design, e.g. horizontal and ver-
tical space limitations, tire stability requirements, etc.

82. Effect of tire deflection. In the basic prediction term, de-

flection 6/h has an exponent of 1, indicating that the same relative
increase in the value of deflection (say doubling its values) will in-
crease the value of the prediction term by a substantially smaller
amount than a corresponding relative increase in ejither width or diam-
eter (23/2 = 2.83 , fcr instance). Physically increasing either tire
width or tire diamete~ costs money, while increasing tire deflection (by
decreasing inflation pressure) costs nothing, at least within that range
of values of deflection where a particular tire can operate effectively.
Thus, it is clear that for very soft sc¢il conditions, a tire should be
designed for and operated at the largest values of deflection

practicable,

Tires for Vehicles Opersating in Clay

Optimum load

83. Consider the relati-n for nesr-maximum pull/load from

plate 28.
p__fp 8% L (RCDba (g)m N S
W 1.258, - 1.19 ° 2 W h 1+ (b/2d) ‘¥
or
k. /W - 2.59 1/2
P_ 2 - (S S S
W (125K, /W) - 1.19 where k, = (RCI)bd (11) " T (o/zq) - BoY

\
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KW - 2.50W
l.25k2 - 1.19W
Solving for dP/AW = 0 in terms of k2 and W yields
3.08W° - 6.h8k2w + l.25k§ =0
and
Wopt = 0-213k, (8)
From equation T:
opt = O.O96k2 (9)
and
d t
B = 0.b55 (10)

opt

The relations develop.d above are illustrated in plate 23 for one par-
ticular tire size-deflection combination and a range of values of RCI.
Maximum absolute values of pull are attained at P/W = 0.455 ; these
values increase directly with increasing values of RCI. Larger values
of P/W are obtained in the relation in plate 28, but the decreasing
values of load associated with values of P/W larger than 0.455 cause
values of arsolute pull to decrease from the maximum at P/W = 0.455 .
Equation 6 indicates that very large values of 82 (as would be produced
by very small values of lcad) cause the value of P/W to approach a
limit of 1/1.25 = 0.80 . It is interesting to note that the upper
limits of wheel pull performance in clay are much larger than those in
sand in terms of both P ___ /W

opt’ opt
0.166, and 0.800 versus 0.521, respectively).

and of maximum P/W (0.455 versus

Immobilization load

(kZ/WI) - 2.59

84. From i (1.25k2/WI) T 0, W = k2/2.59 » where k,
1/2 W 0.21lk
_ . ﬁ) . 1 . opt _ 2 _
= (RCI)bd (h T o7z The ratio WI = k2/2.59 = 0.55 , a
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constant. Thus, for ary particular tire-clay situation, immobilization
occurs at a load approximately 1/0.55 = 1.8 times larger than the
optimum load.

Eirfect of tire size and
deflection on wheel pull

5. Effect of tire width and diameter. Wheel pull performance

increases directly with increasing values of the basic prediction term
. " . .
in terms of P/W (plate ¢8) and in terms cf PCpt . wépt , and W,
{plate 30). Values of this term are influerced more by changes in the
value of diameter than by changes in the value of width because of the

1

ot 1 bli : 1

factor 1+ (o/2a) - For example, doubling the value of d increases
the value of the basic prediction term by a factor of 2.k, whereas
dcubling the value of b increases the value by a factor of 1.5. Halv-~
ing the value of d reduces the prediction term by 62 percent, whereas

halving b reduces it by 40 percent. The greater influvence of d re-

sults, of course, because Zbd . (-6-)1/2 e - C (-6-)1/2
> » DELEMS W h 1+ (b/2a) W \n

’

2bd
"2d+t
of 7d°/{2d +b) is shown in fig. 11, where 2bd>/(2d +b) = k for

How chaages in the values of b and d influence the value

initi. values of d =1.0 and b = 1.0 . Doubling and halving the
tire dicmeter and width are rather drastic alterations, of course; but
even relatively small changes in the value of diameter influence the
value of 2bd2/(2d + b) (and the basic prediction term) significantly
more than corresponding changes in width, ac shown in fig. 11.

86. Effect of tire deflection. Tne basic prediction term for

clay is influenced by changes in deflection in a manner similar to, but
less proncunced than, that caused by changes in the value of width b
(e.g. halving deflection reduces the term by 30 percent; doubling de-
flection mulciplies it oy 1.4). Halving b reduces the term's value

by 40 to 50 percent; doubling b mnltiplies it by 1.5 to 1.9, for b/d
values initially in the 1/1 to 1/10 range. Changes in deflection influ-
ence the value of th~ prediction term significantly less than correspon-
ding relative changes in the value of diumeter d . Again, increasing

the value of either width or Jianeier costs money; increasing the wvalue

"
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of deflection costs nothing (within the range of deflection values where
a tire can operate effectively). Noteworthy, too, is the fact that
changes in values of deflection influence tire performance in clay sig-

nificantly less than corresponding changes in sand.

Summation

87. The relations discussed in paragraphs 76-86 are based on
laboratory-established single-wheel prediction terms extrapolated to de-
scribe in-the-field, full-scale wheeled vehicle performance. The accu~
racy expected in applications of these relations to field situations is
of the order indicated by the scatter hands in plates 21 and 24 for
carefully conducted field tests. Considerably more testing and analysis

are needed to describe the effects on tire performence of the many
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factors not adequately quantified (primarily those in paragraphs 52-58).
Nevertheless, the relations in plétes 23, 28, 29, and 30 and'in para-
graphs 76-86 provide a reasonable base for predicting the performance of
wheeled vehicles in the field and for selecting tire sizes, shapes, and
deflections to satisfy particular wheeled vehicle-soil condition require-<
ments in the field. Several examples of this t}pe of apﬁlication are

presented in Appendix B.
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PART V: CONCLUSIONS AND RECOMMENDATIONS

Conclusions

88. The foregoing analysis is considered adequate basis for the

.following conclusions:

The performance of single pneumatic tires of either cir-
cuiar or rectansular cross sections operating either in
air-dry to moist sand or in near-saturated clay at the
towed and near-maximum-pull conditions (taken as the

20 percent slip point iu ail laboratory tests) deperds
primarily on s0il strength, wheel load, and tire size,
shape, and defiection (with wheel translational velocity
held constant) (paragraphs % and 7).

One vasic dimensionless prediction term for pneumatic

3/2
tires operating in sand, QLE%l——— . % , and another for
e coa | {8 }/° 1
pneumatic tires in clay, == (i " T+ (v/2a) * &€

demonstrated to predict in-soil, single-wheel, pneumatic
tire performance (for tires at 0.15 to 0.35 deflection in
sand and 0.08 to 0.45 deflection in clav) with better ac-
curacy than any other prediction terms examined herein
(paragraphs 17-27 and 34-42, and plates 1-2 and 11-12,

respectively).

6(ba) 32 5y
Alternative prediction terms " (l - ;) for
tires in sand and tod (l - §-)_2 S S for
W h 1+ (b/2d)

tires in clay predict single-wheel pneumatic tire pull
performance with only slightly less precision than the
basic prediction terms (compare plate 3 with plates la
and 2a, and plate 13 with plates lla and 12a, respec-

tively). Also, these two alternative terms predict the

pull performance of tires of very small deflection (G/h

o7
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values of, say, 0.03 and smaller) much more accurately
than do the basic prediction terms (paragraphs 21 and 38,
respectively). 5 8

. < s Gbd 26
Mlternative prediction terms T 1 - e for

Cbl/2d3/‘ L5 b . .
" 1+ I for tires in

tires in sand and
clay eliminate one tire dimension (section height h) in-
cluded in the terms in b and ¢ above. They predict tire
pull performance for pneumatic tires of conventional
tire deflection valv~s almost as well as their corre-
sponding alternative prediction terms in ¢ above, and
predict the pull performance of tires of very small de-
Tlection approximately on a par with the alternative

terms in ¢ (paragraphs 23-24 and 39, and plates 4 and 1b,

respectively).
Hard-surface contact area A. can be incorporated in a
dimensionless term %-- A3/2 useful for predicting tire

performance in sand with slightly better accuracy than
the aiternative prediction terms for sand in ¢ and d
above (paragraphs 25-26 and plate 5). Ac appears to
delineate the effects of tire geometry on pneumatic tire
pull performance in clay less effectively than in sand
(paragraphs 40-U41 and plate 15).

Increasing wheel translational velocity Vw (in the <1
to 18 ft/sec range) increases the pull coefficients in
both sand and clay. In sand, this effect appears to be
independent of tire size; in clay, the effect decreases
as tire size increases, Multiplying the basic prediction

terms by the empirically developed dimensionless terms

150V 1/2 0.1V /b \0-092
W W
and |\ o for sand and clay, re-
v v_/d
sh s s

spectively, effectively collapses pull coefficient data
to one central line for a broad range of values of Vw
(paragraphs 28-30 and 43-45, and plates 6-7 and 16,
respectively).
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The central relation of the basic prediction term for
vneumatic tires ir air-dry mortar sand can te adjusted to
the same relation obtained for tires in air-cry Yuma :saund
by adjusting mortar sand values of peneiration resistance
G to Yuma sand G +values on the basis of relative den-
sity (paragraphs 31-32, plate 8). No analysis was made
relative to the effects of soil type on tire performance
in fine-grained soils.

Flooding the surface of a near-saturated, fine-grained
soil test section reduces the pull coefficient drasti-
cally. Smooth tire performance is degraded most by
flooding; whereas tires with tread or traction aid (rub-
ber or steel cleats) perform about equally well at a
level well above that of the smooth tire. Type of tread
has more influence on the pull coefficient for the un-
flooded than for the flooded cordition, but only a tire
with traction aid performs significantly better than a
smooth tire in an unflooded environment (paragraphs L7-50,
and plate 17).

Single-wheel penumatic tire performance on second and
)3/2

G(pa

third passes in sand is related to W

°H6',8«1-
thceugh the relation is not the same as that for the first
pass, Laboratory tests demonstrated that in-sand, one-
pass Lxl vehicle pull performance can be predicted on the
basis of the single-wheel, multipass relations /para-
graphs 60-63 and plates 18-20). 8Soil strength and tire
performance (except for sinkage) are essentially unaf-
fected by traffic in the near-saturated laboratory clay;
therefcre, for this type of soil, nondimensional single-
wheel performence can be equated directly to vehicle per-
formance (parigraph 67).

The basic prediction terms adequately collapse wheeled-

vehicle field performance data for sand and clay to

it
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relations similar to those obtained for single wheels in
the laboratory (paragraphs 64-66 and 67-75, and

plates 21-23 and 24-28, respectively). Where direct com-
parisons could be made, it was found that wheeled vehi-
cles performed consistently worse in the field than
single wheels performed in the laboratory, primarily be-
cause of the factors discussed in paragraphs 52-58.

k. Major wheeled vehicle performance parameters correlate
with the basic prediction term for clay (i.e. for fine-
grained soils) about equally well when either cone index
C or rating cone index RCI is used for the soil
strength parameter (paragraphs 67-75 and plates 24 and
25). RCI is chosen as the parameter presently recom-
mended for field applications because WES experience is
that RCI effectively describes soil strength on a common
basis for a wide variety of fine-grained soil types and
consistencies.

1. Optimum pull (i.e. absolute maximum pull), optimum load,
and immobilization load can be computed on the basis of
equations relating pull/lcad to the basic prediction
terms for sand and for clay (paragraphs 77-80 and 83-84,
and plates 29 and 30, respectively).

m. Tire width and diemeter influence tire performance in
sand equally, but diameter has somewhat greater influence
than width for tires in clay. Tire deflection 6/h has
less influence than either width or diameter on tire per-
formance in either sand or clay. However, increases in
deflection value can improve tire performance signifi-
cantly, and this increase costs far less than corre-
sponding relative increases in either width or diameter

(paragraphs 81-82 and 85-86).

Reconmendations

89. It is recommended that:
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Each of the factors that presently limit extrapolation of
single-wheel laboratory tire performance relations to
wheeled vehicle field performance situations be studied
in detail, i.e. the influence on tire performance of soil
classes (different types of essentially purely cohesive
and purely frictional soils, as well as soils possessing
btoth cohesive and frictional strength components), irreg-
wlar soil strength profiles, and operating characteris-
tics peculiar to a wheeled vehicle (as opposed to a
single wheel), and to a somewhat lesser degree (because
more is known of their effects), the influence of wheel
translationel velocity, wheel slip, and tire tread pat-
tern or *raction aid.

The effects of all of the factors in a above be evaluated
and quantified on the basis of data from carefully con-
trolled laboratory tests; then application of these rela-

tions to wheeled vehicle field situations be validated.
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B 0.3095 63 .0 3% 3.07 2.0 M16 b, 18,06 . n.8 5.20 2.9 S,
: 0.309% 80 520 5.5 3,08 2.3 416 b5 1hc8 3.h2 10.9¢ 5,05 2.1 7.3
0.309% 100 6.00 6.20 3,08 2.71 k17 &N Ie08 343 10,87 531  2.65 9.20
: 0.100% 12h 705 7,60 3.08 2,31 ki7 k%O .08 3, 1,62 5,18 2.8 q,
0,300k 13 9.70 9.80 3, 2.3 W17 A% 1h08 3,42 10,92 X 2.60 12,87
3 0.109% k3 10.10 10.20 3.08 2.  M17 kM 08 . 11,60 5,20 2.7 12,33
1 0,309 155 10.35 10,50 3.09 2.3 418 kS0 1N20 3.53 0,6 5.90 2.7 13.9%
3 0.309%¢ 1M .80 12,95 3.09 23 418 LS5O 3140 3. 12920 52 2.9  ik.00
% 0.1092 204 16,00 16,20 3.09 2% 418 kS50 120 3.83 12,32 5.3 2.89 16,%
ﬁ 0.10¢ 205 .80 17,00 3.09 2,32 M1B kS0 10 3,4k 1,53 5.21 2.65 19.51
,*é 0.1105 @33 7.0 17.%0 310 2,32 Li18 LS50 1ha2 3.b4 1.6 5.2h 2.78 19,73
&) 0.110% 27 20 18,0 3.0 2.3 418 453  3h)2 kR 11,52 5,17 2.76 21,44
01103 3W0 25.80 26.00 3.1 2.33 L20 BST  1b1b 3.6 11.58 5.3 2.73 29.2:
0.1103 359 60 26,80 3.1 2,33 L20 4,53k 3.45 12,12 5,30 28 29,
0.102 55 370 35.00 342 2% L2 4,58 14,16 3.47 1.7 5,540 2,7 18,
0.1102 %.00 36, 3.2 2,3 Lee L58 M 3.47 12.1 5.40 2.8 39.
0,102 513 40,00 o, 312 2%  hee %9 1416 347 12,24 5.3 2.76 41,9
0.1200 45.00 45.00 3.2 2.3 k.22 4.%9 16 3.9 1,9 5,32 2,76 us,h6
0.1102 570 47,00 47.00 3.2 2.3 422 460 - 14,16 3,48 12,11 5.40 2,78 47.07
0.35 0.152% 100 2.5 2% 3.0 1.9 k15 b6 104 3.35 15,76 6.20 3.k0 6,35
0.15% 15 5% 5.8 3.08 2.00 L4316 L6h 14,08 . 15.67 - - 9.89
0,153 225 10.30 10,50 3,09 201 LA7 L.68 14,03 135 15,%% 6,04 3.26 b6
0.1532 W0 16,7 17,00 3,09 200 L18 k71 W10 3.3 15.97 6.16 3.3 21.29
0,150 455 2.0 21.90 3.0 2,028 kb2 W7 112 3. 170k 6.39 3.43 26,09
1,00.20, 2-FR
0,08 0.0190 315 82,00 82.00 3,38 311 4,3 Lo 28,43 7.35 .87 u.50 1.40 64,68
0.15 0.033% 225 2h.50 24,70 3.6 2.69 418 4,53 27.99 7.1 9.21 6,00 2.00 2k,23
0.032 L5% 48,00 48.20 3.22 7% 422 L4 2811 7.16 9.78 6.3 2,00 U6, 52
0.0%1 670 60.70 61,00 3.23 2.75 k.25 4,50 28,13 7.18 v, 6,70 2.1 61,35
0.25 0.0559 205 11.80 1140 312 2.3 LU 4,53 ere 6,98 6.9 7.36 2.75 13.80
0.0558 30 18.00 18,90 314 2,36 4,15 4,5 27.95 7.00 3 7.57 2.75 20,83
0.056k  hs5s 4.0 24,70 3.6 2,37 LB k.56 27.99 7.00 16,47 7.55 2.7® 27,63
0.0570 670 37.80 37.50 3,20 20 L2 461 28,07 7.03 16.33 7.75 2.63 43.03
0.35 0.0782 285 6,30 6,70 311 2,08 L4.05 k75 7.8) 6.87 2,67 8.65 3.3 9.93
0.0781 10.80 11.00 3.8 2,03 k11 kB2 27,91 6,88 . 9,00 3.k2 13,82
0.0768 455 14,70 15.00 3.13 2,03 4.k LBz 27.93 6.88 24, % 9.06 3.38 18.27
0.0800 670 22,70 23,00 316 2,05 4.7 4,83 279 6.89 25,52 9.14 3.h2 26,25
0.0800 720 24,50 24,70 3,16 2.05 4,18 4.8 27,9 6.90 25,26 9.25 3.35 8,
0.45 0,1009 670 15.40 16,10 3.1k 1,73  bak 5.2 87.95 6.83 W75 10.59 3.82 19.85
6,00=126, 2-FR
0.15 0,0559 225 8.30 8,5 5.27 LU48 6,60 6.50 28,26 7.05 20,42 7.80 3.% 11,02
0.0559 300* 11.20 11,40 5.28 Wby 6,60 6,92 28,28 e 21,54 - - 13,33
0.055 k5% 17,00 17.20 5.30 14,50 6.61 6.9 28,32 7.0% 22,28 7.73 3% 20,43
0.056k 670 28,80 29.00 5.32 4.52 6,62 7.00 28.3% 7.10 20,52 7.57 3,83 32,65
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0.093% 455 10,00 10.30 5.27 3.95 6.60 7.22 28,26 6.89 33.95 9.40 L35 13.k0
0.0933 670 15.00 25,30 5.29 3.97 6.60 7.% 28,% €.89 35,65 9.61 b,39 18.79
0.0932 1720 15,9 16,20 5.30 3.9 6,60 7.28 28,32 6,89 3,08 9.80 L,38 19.%
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(Continued)

Note; Manv ot une velues given in British units of messure in (his report were obtained by converting metric values given
§r otler reports. Differences in number of significant figures used {n this and some of the source reports, round.
ing of bers in the sion process, and the use of velues for two or more listed terms to compute ano’er trvam
(in subsequent tables) sometimes caused very slight differences between value: of corresponding terms in this and
the source reports.
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7.00 7.0 2.8

Feble ) {Comtimuod)

.08 120,32
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0.010 0,003 225

149.18

1.

2,73

3.05

27.64

35 - 5.17 .0k 7.00 7.00

0.025 0.0093
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5
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0.
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0

0,
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2. 7¢
70.92
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13,5k
11,43
8.0k

59.10
€3.45
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11.56 12.11

7.68

7.

45,20  9.03
9.03

63,00
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0.0654 14500
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0,1004 3000
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0.1906 8%
0,2038 205
0,2070  UsS
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W Vo Dlamter ference ™5 lemgth Width Preseure
Iosd  losied Losd Ioeded Losd Icedsd 4, fu. _ ft in. in, in, Pt
16x5, 2-TR
18.90 19.00 3.b3 2.2 6.1 6.8 3611 .15 10.82 3.70 3.5 20.79
20,70 .80 3.52 2.9 6,45 6,54 16.29 h,15 n.n 4,00 3.60 .65
7.80 8.00 3.3 248 Ak 665 15.87 3.96 21.80 5.50 462 10.32
18.70 19.00 343 2,57 6.4 6.63 1611 3.9 20.22 5.29 L.b7 22.50
.60 .80 3.52 2,68 685 6.6 16,29 - 20,08 5.38 .48 33.37
k5,80 h6.00 3.60 2,70 6.5 6.77 16.45 4,15 20.01 5.45 5,36 il 48
3.75 4.20 3.20 2,08 641 7.00 15.65 3.93 32.%0 6.95 5.56 6.97
11,65 12,00 3.37 2,19 6.4 6,86 1599 3.95 30.28 6.70 5.37 15,03
16x1l. 2-1R
8.05 8,30 S5.26 kb7 1.2 117 1.7 4,47 25,91 Ln 6,48 8.‘82
17.70 17,80 5.5 k.6 1.2 149 17.7% .53 23.36 4,68 6.20 19.%8
.50 3.0 565 480 U 1.2 18.05 4,67 20,04 4,50 5.82 29.9%
45,00 45,00 5.80 1,93 11,15 1.0 18.35 - 20.70 4,55 5,53 43.00
3,25 350 5,13 3.85 1.2 1.2 17.00 4.39 49,58 6,80 8.18 ki, 5h
8.75 9.00 5.27 3.9 .32 1.25 17.29 b,h3 46,50 6.49 8,09 9.78
1.3 170 5.05 3.2 U1 1,70 16,85 4,26 8e,07 8.30 10.18 2.7
4,% 470 518 3.3% 1,32 1,68 17.03 b.35 73.90 .50 9.09 6.16
12,80 13.20 540 3.51 1.2 11.65 17.99 b.k2 57,19 T.5% 8,23 15.59
19,00 19.80 5.52 3.59 1.1# 11.60 17.79 446 58,40 7.88 8.3 21.9
16x15.00-6, 2+FR
15.00 15.00 5.3 L.91 15.20 15.20 17.66 b.50 12,40 1,84 7.42 18,14
5.60 5.60 5.19 L1 1520 15,20 17.38 4,32 22,22 2.42 9.70 10,12
6.65 6.80 520 L2 1520 15.20 17.40 - 30,32 3.50 9.75 8.45
13.90 14.00 5.33 4,53 15,20 15.20 17.66 b.bs 31.10 4,06 9.2 1k,
1.80 2.5 497 3.73 1520 15.21 16.9% 4,21 7h.49 6,36  12.55 3,02
6,00 6.0 5.19 3.89 15.20 15,23 17,38 4,33 56,67 5.40  10.95 8,03
15,3 15.50 5.3  L,00 15.20 15.22 17.68 b1 47.56 5.00 10,25 18.71
0.65 1.00 4.89 3,18 15,20 15.23 16.78 k.15 100,67 7,70 14,00 2,11
3.50 3.9 520 3.3 15,20 15.23 17.20 4,24 67. 5.76 12,40 6.76
345 3.5 6,00 5,10 16,12 16,16 24,20 6.23 60,00 5.60 11,0 5.25
6.00 6,10 6,05 5.4 16,14 16,15 24.30 6.26 67.15 6.33  11.60 6.11
13.90 14.00 6.15 5,23 16,15 16.18 24,50 6.31 55.33 5.70  10.95 16.09
2,00 2,20 6,00 4,50 16,12 16,32 24,20 6.17  118.27 9.70 13.8 3.85
12,00 12,25 613 W60 16,15 16,22 24.46 6.23 97.69 8.20 13.02 13.16
2,20 2,80 6.00 13,9 16,02 16,43 24,20 6,02 156,22 12,30 15.22 5.70
3.0 3.9 6,00 3.9 16.12 16,50 24,20 6,17 157.23  12.00 15,08 6.49
31x15.50-13, 4-FR
7.0 7.5 7.70 7.08 15,00 15.03 29,80 7.56 23,18 4,63 6.00 9,61
s.45 5.60 7.63 6.49 15.00 15.10 29.66 7.49 62,88 8.25 9,11 7.24
15.90 16.10 7.7 6,59 15.02 15.13 29,90 7.58 56.88 7.95 8.75 17.29
5.65 6,00 7.63 5.72 15,00 15.28 29,66 7.%  105.72 1.0 10.97 8.1
9.3 970 T7.75 5.81 15,00 15.29 29.90 7.42  100.35 11,00  10.63 11.95
3.5 4,00 7.60 4.9 15,00 15,57 £3.60 7.32 160.33 W72 12,75 5.55
6,85 7.5 17.70 5,00 15.00 15.52 29.80 7.36 149,48  1h.21 12,05 9.03
0.00 0.00 - . 12,00 12,00 27.90 §7.65  Hard-surface contact shape is a
line.
0.00 0,00 - .- 6,00 6,00 27.% 87.3%  Hard-surface contast shape is &
line,
0.00 0.00 .- - 3.00 3.00 27.90 87.65  Hardesurfare contsct shape is n

6o

line.
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Table 3 (Coscluded)

Peretration -
Pesistance . Towedt “Towed Force
Gradient, psi/in. D“ége" %‘gfﬁ:"’" Vel load  porce, 3b Coefficient . Sinkeee 3/2
Q 11 - Sirkage Slip S =% Coefficient G{bd) -8
Testx, % ¢ o B . 26/8  Dowign Tt 't T oz.ota. % oA A z/d % . &
1-65-64 155 151 13.3 0.25 - 12 155 - 2 0.00 1.2 - 0,013 0.000 .71
1-65-65 13.0 13.% 1.8 - WL AL - 5 0.00 1.0 -~ 0,035  0.000 70.85
1-65+66 15,0 151 32,7 - 239 2483 -- 5 0.00 .5 -- 0,021  0.000 .
1-65-67 13.5 152 1.6 - 237 237 .- 6 0.00 1.4 - 0,025 0.000 13.25
1-65-68 12 147 13,2 - 68 650 -- 19 o0.02 2.0 - 0.029 0.008 18,1k
1-55+69 1.8 122 10.3 - 839 &1 -- 5T 0.00 7.2 -~ 0.055 0.000 n.22
1-65-70 12 146 13.2 -- 3%0 38 -- 6 0.00 0.8 -~ 0.017 0,000 33.55
1-65-71 11.5 12,0 9.7 - 291 286 - 7 0.00 1.0 - 0.02k 0.000 30.00
1-65-72 12,0 12,7 10.3 - 160 163 -~ 0 0.00 2.0 --  0.000 0,000 54,63
1-65-74% 12,2 13.0 1.0 - 455 &8 - 13 0.00 6.6 - 0.028 0.000 21.31
1.75-26 Sicycle
161 50LA 10 8.0 6.9 0.15  0.0l9 100 1 25 - 1.8 9.9 0245 - 0.057 3.2
161 S04 2% 2.7 19.6 100 1% 13 - 0.6 -1.0 0114 - 0.023 8.70
161 599A 20 4.3 12.% 100 10 27 -~ 115 7.5 0.193 -- 0.04L L.18
161 S03A 13 7.0 6.1 225 212 718 - 3R -15.8 0,368 .- 0,125 1.52
161 508a 10 83 7.2 25 A6 95 - 3.9 -18.6 040 - 0.141 1.76
161 514 27 22.3 193 25 %6 61 - 1l .1 0,238 .- 0.052 3.98
161 k97A 16 123 10.6 2F 28 79 - 2.2t 2.5 0.306 -~ 0. 2.17
161 505 10 7.3 6.3 035 0.8 e 91 18 - 1.63 6.5 0198 .- 0.058 7.96
151 502a 8 6.3 5.1 00 93 21 - 185 8.1 0226 .- 0.056 6.68
161 504 20 150 12,1 100 13 7 - 0.63 0.5 0,053 -- 0.002 10.156
161 5004 10 7.3 6.3 25 200 15 - 3.8 274 6.373  -- 0.123 3.70
161 L98A 17 2.3 10.6 25 253 - 2 11,5 6.532h - 0.075 %.95
161 507A 1% n.3 9.8 25 260 T3 - 2.20 -10.3 0.280 - 0.075 %43
16x6.50-8, 2-FR
A$8-0066-1 - -= 137 015  0.0533 25 238 23 26 .- - 0.098 0,111 - 9.22
A58.0069-11¢ - - L2 0.5 0.0533 225 214 .- 2 .- - - 0.533 - 3.09
AS8-0072-1t¢ -~ --  10.0 0.15 0.0551 3% A6 .- 83 - - -~ 0.210 - L.67
AL8-0057-1 - -~ 161 0.25  0.10% 25 %5 6 7 - - 0.027 0.031 - 18.4%
AS8-0073-11t -~ --  10.7 0.2% 0.1080 670 665 -- 308 - - - 0.163 - 5.33
AB-0021 .- -- €2 035  0.131 225 230 30 30 - —- 0130 0.130 - 9.18
A58-0068-1 -- -~ 202 0.35  0.1L76 455 L2 18 18 - .= 0.0l0 0.0%0 -- 16.23
ASBD0TLe1tt - - L6 035  0.1476 B55 K30 - 308 .- - - 0.716 .- 3.89
16x11.50-6, 2-18
A58-0077-1 - .- 6.2 0.15 0.0015 25 26 2% 27 -- - 0.1 0.125 - .46
A58-0084-11 - - 58 0.5  v.0Rk k55 LS3 - 2 - - - 0.9 - L
ASBLDOBT-11t - - 6.9 015 098 80 883 -- e .- - -  0.570 - 3.51
AS8-0081-1 B -~ 10.1 0.25  0.1%05 25 25 7 n .- -= 0,031 0.0} - 29.06
A58-0078-1 - -  £7 02 0.1527 s kS 19 67 .- .- 0.107 0.7 - 9.79
AE8-0085-1t1 - - L8 025  0.1%7 455 K60 .- 105 - - -  0.228 - 6.95
A£8-0083-1 -- -= 131 0.35  0.2101 225 23 8 16 - --  0.03% 0.058 - .19
A58-0082-1 - -- 13.9 0.35 0.2154% & 881 73 3 - - 0.083 0.083 - 13.0L
26215.00-6, 2-FR
A8-0097-1 - - 159 0.5 ©€.08%3 225 230 1 - - 0.00% 0.017 - Ly 52
A58-0052-1 - - £.9 0.15 0.0897 213 279 26 29 - - 0.093 0.10% - 15.95
A68-0095-1 - -~ 1A 025 0,118, 225 29 & 7 - -~ 0,017 0.031 - 2.32
A8.0095-1 .- - 8.7 o0.25 0.1%56 55 M3 32 - J- - 0.071 0.071 - 20.85
AS8-009%-1. - - 1.2 0.35  0.2070 55 % 9 19 .- -=  0.020 0.041 - 36.10
AE8-00E9-1 - - 5.0 0.35 0.2770 s 7T W 55 -- - 0.101 0.118 - 15.8%
26%16.00-10, kPR
ASBOIOL-1 == ~= AL 015 0.07) L5 by 3 3% - -- 207k 0.078 - 16.25
A58-H100-1 - -- 5.0 0.15  0.0751 890 &5 174 176 - --  0.201 0.203 - 6.82
AS3-p102-1 - -~ 11,9 0.25 0.1210 55 7 13 13 - -- 0.028 0.028 .- 9.08
A£8-0105-1 -- - .0 0.25 0,1251 1206 1283 162 182 .- - 0.126 0.12% - 9.03
£58-0103.1 - -~ 121 035 0173 80 &% o8 98 .. -  0.109 0.109 - 6.2
A£8-010%.1 - - 5D 0.35 0.7 100 1036 141 191 .- - 0.155 0.155 - 10.L1
31x15.50-13, L-TR
MAOIN1 , -- - 17.5 0.15 n.07€2 455 51 & | . 0.003 0.00) - .62
ALA0107-1 - - 9.3 02% n191 ©Won 1205 T n . - 0.0 0.0% - 192,
A£20110.1 - - 121 0.3% 0.8 B0 87 39 33 - - D0 0.00 - 18,35
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3290 3 40 0.05%9 225 238 LI - 0.021 - - 12.14 10.8
125¢ 5 20 2,055 hes by [ J— 184 0N - 0.051 1.3, 3.02
351C ] 55 Q.00 5 hos Lex 1 - 0.18 0,033 e 0.000 8.y [
R7C 3 20 0,050k £ u 10 .- 2.10  0.25%  -- 0.0/ 2.30 2,00
3% 5 40 0,050k ‘0 68 Y .- 0.89 0,112 «- 0.031 b3y 3.0
i 3 0.05€4 80 a7 1% - 1.2 0.15% = 0 0ub 2.0 2.7
3¢ b C.0%4 [ I 00 e 0.89  0.114 - 0,031 4,50 4.0
3220 20 0.25  0.0028 225  2b3 9 e 0.18  0.037 .- 0.006 766, r .86
2ue Al 0.028 25 2% 1 e 0.10  0.00%  -- 0.004 2k, 28 “1.7Th
3300 e 0,093 22y 23 5 e 0.08 0,21 e 0.004 10,50 W, 73
1260 19 0.073% b5y Lhh 53 e 0. 0.119 .- 0.0% L9 57
I 51 0,09% bos L60 10 - 0,12  0.027 s 7,004 10. % 9,20
3540 50 €.0934 070 62 L 012 0.0% .- 0.004 7.0% 6.32
87 22 0.0932 720 688 153 e- 142 0,222 -« 0.050 L) 2.68
e 1 50 0.0932 770 Nk 37 e 0,32 0,052 - 0,011 ) 5.8,
(Cont inued)

detail~ explanation.

*%  Sinkage st the towed pint,

Fi.st-pass data,

* P} is towed force plus ma (mass times acceleralion) measured

33 (1

1 8 prograrged-increasing-siip test, See Appendix A Tor s more
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s s W EY
Aversge Design el Load Towed Towed Force T
Ffenetsation Deflection ¥,1b Ferce, 15 Coef i~ 12 )
Test PTasses  Pesistaace frictest —  Avorage prootyd  sidee ST clet o s I
No. Completed _C , pel Desige _Test I X z.fia T T fa W A
6.00-16, 2-FR (Contimued)
3K 3 2 0.25 0.0932 8% o A8 - 2.3 020 - 0.083 2. 2.08
w5e 5 37 0.092 &% 833 n3 - 0.90 0.27 - c.032 3.8 .48
e 5 2 0.0932 690 9 5% - 0.0 0066 - o 5.48 LX:
3uc 5 20 0.35 0,1299 225 20 g e 025 GO¥ .~ 0005 9.17 8.1
Fe 5 37 0.1299 225 22 6 - 0.00 0.027 9000 28,01 16.13
355¢ H 53 0.3299 225 223 b7 I 0.00 0.045 - 0.000 26.15 231
I 3 E 0.1302 NS5 k57 k- 0.3  0.0% - 0.013 L] 432
P 5 k] 0.1%2 455 L] 15 o= 0.00 0.033 -~ 0,000 .12 8.16
356C S 53 0.132 455 W7 15 - 0.00 0.03% - 0,000 13.08 21,72
e ] E] 0.132 670 612 8 . 0.0 0.0 - 0.011 5.9 5.29
356 H % 0.1%XR 61 673 15 .- 0.1 0.022 - 0.005 6.20 7.3
b 1 » 0.1307 &% 518 @ - C.¥  0.0N - 0.013 LK1 Lo
¥ie 5 52 0.1307 830 73 0 - 0.06 0.0k o 0,002 6.58 5.89
6.00-16, Solid
9 H -3 0.010 0.00% 225 214 29 o 0.87 0.33 -~ 0.0%1 2.00 1.8 .
395¢ 3 53 0.030 J.00% 225 229 b U 0.50 0.061 - 0.018 b.S1 LX) =
I9c 5 0.027 0.0093 &S5 e %6 e 0.88 0.127 .- 0.03 2.19 2.48 (e
393 s 2 0.0093 k55 429 e - 1.5 0.2 - 0.057 1.58 1.0 .
Whe b) 53 C.0093 55 b5k 1 e 0.7% o.12 - 0.027 3.58 3.18 o0
9.00-1k, 278 g
2910 5 17 0.15 0.067% 225 27 9 e 0.10 0.0 .. 0.00% 5.75 5.09
e 32 0.06T% 225 20 b - 0.09 0.007 -~ 0.000 12,48 10.89 T
08¢ 0.067h 225 238 3 e 0.0  0.013 - 0.000 20.5% 17.64 -t
298¢ 17 0.0678 455 A% 0 - 2,10 0.161 - 0.039 .56 3.10 .
20X 51 0.0678 A& Bhy 12 - 0.00  0.027 -~ 0.000 10.43 9.10 -
05¢ 32 0.0678 455 A9 15 - 0.0  0.033 .- 9.001 6.33 5.52
1 16 0.0676 67 ) 151 - 753 0.8 .- 0.089 .35 2.05
306C k] 0.0676 670 653 TR e 1.05 0.110 - 0.037 .20 1.67
nx 57 0.0676 670 €52 [ - 043 0,063 -~ 0.015 7.9 6.98
or n 0.0686 890 866 ns - 1,29  0.13% .- 0.0%5 3.3 2,88
s 52 0.068% 630 882 T - 0.70 0,08 .. 0.02% 5.4 475
299 16 0.25 0.31321 456 L3 55 .75 0,128 .- 0.027 &R .77
330C » 0.1121  &55 k36 1 ee 0.00 0,025 -- 0.000 9.07 7.91
n2c 57 0.1121 455 L | CR— 0.00 0.03% .. 0.000 15,04 13.12
300c k) 16 0.1123 890 817 k37, J— 310 0.319 -- 0.109 2,% 2.00
nw b 35 0.1123 8% 857 80 e o.M 0,0 - 0.017 L.73 4,13
bigc 51 2.1123 8% 826 B2 0.00 0.047 .. 0.000 6.75 5.89
31he % 0.35 0,152 225 243 6 = 0.00 0,025 - 0.000 20,04 17.50
5t 55 0.15%62 225 225 LI 0.0  0.062 .- 0.000 33.07 28.88
ux 25 0.1%2 225 233 n .. 0.00 0.047 - 0.000 14,52 12.68
390 1 50 01568 495 451 19 .- 0.00  0.042 .. 0.000 12,18 10.63 P
&0Bc S 23 0.1568 455 Bho 19 - 0.60 0.082 .. 0.000 7.0% .1k :
410C 5 51 0.1568  «55 uh2 0 - 0.00 0,023 - 0.000 19.P% 13.83
o S 2 0.1567 670 646 53 -- 0.10 0,082 .. 0.004 b9 4,09
blic 4 52 0.15%7 670 658 FUS 0.00 0,020 - 0.000 10.85 9.49
Lzc 5 39 0.15%67 670 658 b T 0.00 0,0 .- 0.¢00 8.16 7.12
h13c 5 n 0.1576 890 €83 W .- 0.00  0.08] .. 0.000 ©.10 9.
k5 5 5 0.1576 890 28 .- 0.20 0.0 .. 0.007 8,95 7.81
h1sc s 23 0.1576 890 280 112 .- 0.55 0,127 - 0.019 3.61 3.15
1.75-26
5 0.15 0,01%9 100 108 [, ok6  0.95% - 0.01n 6.95 C7h
&30C 5 0 0.15 0.0189 225 213 9 e 0.9  0.1% a- 0.0% 3.63 1.52
11.00-20, 12-FR
1 1t ST 0,173 0.0756 Usoott 4500 -— - - - 0,233 .- 2.5 2.2
1A i 0.172 0.0756 L4500 4500 —~ e - s 0.257 e 1.9 1.7
2 W 0.2k5 v.1075 4500 4500 - e - - 0,245 . 2.3 2.0
2 43 0.24n 0,1075 4500 4500 - - . e 0,22 es 2.2 1.9
3 50 0.55%% 0,222 4500 4500 P - - 013 - .9 ER
3 Lk 0,554 U.2b22 4500 4500 - - . 01R e iR 10
b 45 0.4k 0,191 k500 Lson - . - - 0,180 .. 1.1 2.7
ha 47 0Ll 0.19%1 U500 L&00 - - - - 0.10% - 3.3 2.9
48 42 0.uhl 0,194 4500 byso - . - - 0,201 .- 2.9 2.5
5 45 0.125 0.0546 3000 3000 e -- - - 0,29 - 2.5 2.2
SA L8 0.125 0,0546 3000 Eu - - - - 0,216 - 2.7 2.4
6 42 0,19 0.0848 3000 300 - - - - 0.237 .- 2.9 2.5
7 b1 0.30k 0.1329 300 3000 - e - -~ 0aR - 3.5 Al
8 43 0.235 0.1027 3000 3000 - e - e 0.1 .. 3.2 2.8
e b5 0.235 0.1027 3000 3000 - ea -~ - 0.3 - b 3.0
9 b 0.055 0.0240 5% 1500 PR - —~ 2120 .. 1.2 2.8
10 1Y 0.077 0,0824 150 1500 ELTR - -~ 0.107 - ] [N
11 43 0.131 0.0573 150 1500 e -- -- - 0.08% .. ' 4.3
(Continued)

t Only first pacs dats are available for the 11.00-20, 12-FR tire.
tt The 11.00-20, 12-FR tire vas loaied by desdweight, so that test load very nearly rqualed design ined.
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Table 8 (Concluded)

Wheel Transia-

14

ional Velocity

Average
Wheel

Average
Penetration
Resistance

C , psi

, Tt/sec

®

Design

V.

Pull

Coefficient Coefficient

Average

Test

3(5)1/2

4.00-7. 2-PR Tire; Design Deflection Cocfficient § » 0.25

Sinkage

Average
Torgue
M, ft-1b

Average
Test
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Z 2
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Iaboratory Tests with bxk Veiicles in Yums Send, Standan) Four-Wheel.Drive Vehicles,
20 Percent Slip, First Pass

Teble 13

2364
2374
2384 16.0
5'7
2hoA 8.6
2414 13.1
2k2A 15.4
2434 16.0
2BhA 19.1
2458 18.5
2464 6.0
247a 9.1
2488 13.4
249A 18.6
2508 19.6
251A 20.0
252A 15.4
255A 17.4
256A 20.6
25TA 2.3

2804 8.2
2814 8.7
282n JURN
284A 13.1
285A 21.3
286A 21.5
262 1.7
287A 28.8
2894 32.1
2914 22.9
2924 8.6
2934 11.5
294A 1.7
295A 1.8
296A 9.5
2577 1b.b
2084 20.3
299A 24,

3004 37.1
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259A 24,5 23.3
260A 17.0 16.7
2614 27.3 2.0
2624 21.3 20.0
263A 15.6 14.3
26LA 7.4 9.0
265A 4,1 5.7
266A 17.1 17.0
267A 23.% 26.7
268A 25,1 24,0
269A 4,3 5.7
270A 10.3 12.3
2714 20.5 21.0
272A 17.6 17.7
273A 6.5 8.3
274 9.8 12.0
275A 16 .4 16.0
277A 24,8 28.7
2788 28.2 28.7
279A 2n.3 20.3

8.6
7.8

1h.h

5.2

7.8
1.8
1h.1
pLR)
17.3
17.3
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0.15

0.35

0.15

0.35

h-Ton; 9.00-16, 8-£R Tires (b = 10.2 in,

0,15

3560 890 65 «0,018 2.3
15 0.032 3.9
5.8
7.4
8.8
420 0,118 7.3
55 0.015 4.4
25 0,069 6.5
585 0.16k 9.9
7o 0,199 1.9
7% 0.223 12.2
930 0.275 14,6
770 0. .6
470 0.132 6.6
680 0.191 9.6
8o 0.23% 13.
970 0.272 20.
125 0.36 20,2
1165 0.327 2.l
95 0.257 16.9
1065 0.299 17.0
1230 0.346 20.6
1300 0.365 4.1

3560 890 ks 0.12% 1.6
700 0.197 11.6
1010 0.284 15.0
860 0.242 15.4
1160 0.326 31.9
1000 0.201 24,0
-7¢ «0.021 3.4
1290 0.362 4.7
1255 0.353 43.7
1360 0.3 35.3
1190 0.334 29.8
1080 0.303 20.2
120 0.034 6.3
640 0.180 a.g
1250 0.351 22.
1520 o.h27 gs.o
1495 0.420 6.0
1570 0.hl1 60.5
1550 0,435 62.7

d = 32.8 in,

7250 1810 970 0.134 10.2
705 0.097 7.3
1120 0.155 1.k
865 0.119 8.8
7ns 0.099 6.3
5 0,001 4.0
«265 -0,037 2.5
890 0.123 7.5
2005 0.277 19.%
1840 0.254 17.5
205 0,028 L.
850 0.123 9.0
1680 0.232 15.4
1500 0.207 13.0
1175 0.162 €.5
1515 0.209 12.3
2130 0,294 16,3
2330 0.322 29.3
2540 0.351 29,4
2245 0.310 20.7

Lk Fenetration Design Pasic

. l Gru::g * psifin Deflection Design Icad Mc;};n Torn
' Test No. 0y - < Coefticient ¥, Totsl Pull  Coefficient abaY’c s

- 265~ G G Yotal Per Wheel P,1v . P ¥ 3

) M Ton; 7.00-46, 6-PR Tires (b » 7.5 in., 4 = 27.7 in.

% load per wheel:

* G', G', and G are cach def,ned in Appendix A.
refistance gradient in relaticas described in the body of this report.

?1

R TR ATV DS A r——

Measurement G is the only term used to describe penetration
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o pet v

Table 12
Field Tests with Vehicles in Counrse-Grained Soils,

w——— —

- Maxisum Drawbar Pull, First Pass

i Deflection Basic
Penatration Resistance Coef= Prediction Term
Cradient ** psi/in,:  Wheel Load. Inflation ficient Gva)y/2 g
Test No* G’ G W, b Pressure, psi __ §/h P/t W h
M38A1, bxk (Jeep); Padre Island, Tex.
2 125.7 108.7 o72 30 0.086 0.243 2.7
5 121.7 105.2 20 0.113 0.320 53.2
8 123.3 106.6 15 0.134 0.355 63.1
11 104.7 90.5 10 0.173 0.416 70.0
: 15 119.0 102.9 0 30 0,100 0.219 41.7
) 18 127.3 110.1 20 0,120 0.295 53.4
21 117.3 101.4 ‘ 15 0.156 0.361 sh.0
24 11.7 96.6 10 0.200 o.uys 78.5
29 96.7 83.6 8oo 30 0.100 0.223 31.5
33 95.0 82.1 20 0.130 0.242 40,0
37 110.0 95.1 15 0.160 0.348 57.1
L2 113.7 98.3 10 0.210 0.387 77.6
¥M37, hxh Truck, 3/4-Ton; Padre Island, Tex,
Ly 122.3 105.7 122 30 0.114 0.181 46.8
47 15,7 100.0 20 0.1hk 0.255 56.2
50 103.3 89.3 15 0.168 0.297 58.3
53 95.7 82,7 10 0.198 0.369 64,6
58 104.0 89.9 1602 30 0.120 0.172 37.3
62 112.3 97.1 20 0.156 0.227 52,2
66 110.0 95.1 15 0.192 0.283 63.1
70 113.3 97.9 10 0.240 0.384 93.1
73 90.7 78.4 1797 30 0.132 0.17% 32.0
7h 120.0 103.7 0.199 Lz.2
75 120.0 103.7 0.187 ha.2
79 28.7 24.8 0.125 10.2
80 32.0 27.7 0.113 11.3
82 112.3 97.1 20 0.180 0.253 53.7
86 20.7 17.9 ‘ * 0.143 10.0
87 4o.7 35.2 0.179 19.6
.89 100.0 86.4 15 0.216 0.291 5745
93 23.0 19.9 0.171 13.2
9k 36.7 31.7 0.240 21.2
97 110.0 95.1 10 0.276 0.361 80.8
101 32.7 28.3 ‘ * 0.269 24.3
102 33.7 29.1 | 0.285 25.0
{Continued)

* "Tegt No." is "Item Fo." in reference 16.

#* g' and G are each defined in Appendix A, Measurement G is the.only term used to de-
scribe penetration resistance gradient in relations described in the body of this report.

4 P/w = :gz:i ll).gi-ili or i’gﬁ g:: wwhh::i . & indicates that pull (P') was measured when the
vehicle was operating upslope or downslope, where the slope angle (e) varied between 2,9° and
8.50. gs 4ndicates that pull (P") was measured when the vehicle was operating on a side
slope, where the slope angle varied between 3.4° and €.3°. The absence of r or ss indi-
cates that the pull (P') was measured vhen the vehicle vas operating upslope or downslope
where the clope angle varied between -20 and 1.70. Values of P for all tests were obtained
by correcting pull measured on a slope to pull (P) on a .level surface by the equation

. 2 2
t K J "
P= Q—-’:Eg-si;i’—el fcr upslopes or downslopes, and by the equation P = = ) c;s(z sin @)

for side slopes. (These equations are developed and explained in reference 16.)

qd’l. (1 of 5 sheets)
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Table 12 (Continued)

103
104
105
106
107
108
109
110
1
112
113

17
148
150
153
156

159
160
163
164
165

167
168
169
170
sl
172
173
174
175
176
177

178
179

181
182
183
184
185

G

b2.7
k2.7
3447
ks.3
h6 '3
46.0
l‘3 -7
l‘3 u7
l‘oto
b1,7
31' 03

108.3

35.0
117.3
1n7.3
105.7

NP oMWW ImE
LGB owiGYboowmoo

PG R I A RS P
NAFWHFNIF OOWHHDWIO
~ e e = e .

==
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whhwidwolo

= W N W
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M34, 6x6 Truck, 2-1/2-Ton; Suscinio, France

== =N
CO ™\ = -3\

1962

73

(Continaed)

0.132
0.132
0.1h7

0.176

C.159ss
0.15kss
0.157ss
0.151ss
0.1hkhss
0.22Css
0,219ss
0.197ss

Deflection Basic . L
Penetration Resistence Coef- Prediction Temn %
Gradient, psifin. _ Wheel Load  Inflation  ficient g(ba)/2 s o
] W, 1b  Pressure, psi __g/h B/ W h ;,
M37, bxh Truck, 3/L-Ton; Cape Cod, Mass. %
%.9 12 30 0.1k 0.161 14.9 Fw
36.9 30 0.1k 0.157 4.9 FEo
30.0 20 0.14k4 0.177 15.3 e
39.2 * 0.212 19.6 ta&
40.0 0,200 20.0 e
39.8 15 0.168 0,250 23.4 i
37.8 { 0.239 22.4
37.8 0.250 22.h4
34.6 10 0.198 0.306 24.0
36.0 * 0.288 25.2
29.7 0.299 20,b4
M135, 6x6 Truck, 2-1/2-Ton; Padre Island, Tex.
93.6 2908 30 0.126 0.284 Lo.b
30.3 30 0.126 0.133 13.2
1014 20 0.195 0.342 67.8
101.4 15 0,220 0.372 76 .4
91.h 10 0.270 0.419 85.1
M135, 6x6 Truck, 2-1/2-Ton; Vicksburg Miss., Miss, River Sandbar
41,5 3125 60 0.090 0.072 12.1
32.9 60 0.090 0.061 9.6
bi.2 30 0,160 0.180 21.6
6.1 0.200 23.8
45,0 l 0.192 23.4
37.2 0.447 19.3
40.0 20 0.210 0.220 27.1
u3.8 0.228 30.1
36.0 L 0.207 2k .7
40.9 0,216 27.7
38.9 15 0.265 0.255 33.5
4y .7 0.275 38.6
37.4 0.261 32.0
38.6 0.252 33.4
Lo.4 0.265 34.9
38.6 10 0.360 0.317 L1.6
38.0 \ 10 0.360  0.318 40.7

oW - o P

=+ O\
.

= bt et s
=2y

(2 of 5 sheets)




Tuble 12 {Continued)

Deflection Basic
Penetration Resistance Coef- Predic Term
Cradient, psifin.  Wheel Ioed  Inflation  ficient ngdg 2.8
Test Bo. G' G W, 1l  Pressure, psi 8/ P/W h

M3k, 6x6 Truck, 2-1/2-Ton; La Turballe, France

186 2°.0 19.0 2796 10 0.250 0.2558 15.9
187 b7 36.0 279% 10 0.250 0.283s 32.4

DUKW 353, 6x6 Truck, ¢-1/2-Ton; La Turballe, France

188 343 29.7 25 15 0.203  0.249s 23.2
189 U7.6 %0.6 ‘ 15 0,203 0.293s 32,0
190 28.7 24 .8 10 0.252  0.316s 24.5

203 2.7 23.1 3278 20 0.225 0.212s 15.2
204 4.7 h1.2 20 0.225 0.195s 27.90
209 31.7 27.4 15 0.277 0.289s 22.2
210 32,0 27.7 ‘ ‘ 0.2618 2.2
211 28.7 24.8 0.262s 20.0
212 26.0 22,5 10 0.348 0.305s 18.0
213 39.0 33.7 ‘ ‘ 0.328s 27.0
21k 28.7 24.8 0.322s 20.0

DUKW_353, 6x6 Truck, 2-1/2-Ton; Suscinio, France
191 47,7 hi.2 3278 30 0.171 0.815s8 20.6
192 uk.3 38.3 0,159ss '18.8
193 35.0 30.3 0.190ss 15,0
194 35.3 30.5 0.19%ss 15.0
195 Ly .3 38.3 0,195 18.8
196 L6.7 Lok \ 1 0.202ss 2¢.1
197 35.7 30.9 20 0.825 n,2638s 20.%
198 22.3 19.3 0.193s8 12.4
199 31.7 7.4 0.21hs8 W
200 22.3 19.3 0.238ss 12.4
201 30.7 23.5 0.188ss 17.9
202 3.7 80.0 ] 0.191s8 19.7
205 22.7 19.6 15 0.277 N..9388 13.6
206 20.3 17.5 €.200ss 13.8
207 22.7 19.6 0.23Css 15.9
208 23.0 19.9 v 0.,034ss 15.9 -

RN

DUXW 353, 6x6 Truck, 2-1/2-Ton; Cape Cod, Mass., f
221 61.7 53.3 2548 20 0,176 0.2k 34.8
222 53.0 5.8 0.227 30.0
223 57.3 49,5 0.262 32,2
22k 16,7 1.4 0.079 9.6
225 16.3 k.1 0.093 9.5
226 20.0 17.3 0.090 11.6
227 57.3 49.5 15 0.216 0.317 38.9
228 60.7 52.5 0.277 -]
229 47.3 Lo.9 0.293 32.9 .
230 15.3 13.2 0.118 10.4
231 4.3 12.4 0,105 9.8 :
232 13.3 11.5 0.108 9.2
233 54,0 6.7 10 0.262 0.370 45,7 h
a3k 53.3 46,1 0.337 45,1 Lo
235 43.0 3T 0.34%0 36.3 ‘
236 13.3 1..5 0.81h 1.6
237 13.0 11.2 0.213 11.2
238 1h.7 12.7 \ 0.191 12.7

(Continued)
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Table 12 (Continued)

2ho
ah1
243
248
251
253
258

B R R 80838838888 8%

321
322
323
32k

326
327
328

Penetration Kesistance
Gradient, psi/in.

Test No. _G'

32.3

25.3
1.3,
101.7

33.0
120.0
120,0

HO\\OOHOH\IMM‘O
QWOWWOIWO~I~]

.

FTWw s wWwrsr

GOER, uxh Cargo Carrier, 5-Ton (18-26); Vicksbur~, Mise,, Miss. River Sandhor

G

Wheel load
W, 1lb

Inflation
Pressure, psi

M1, 6x6 Truck, 5-Ton; Padre Island, Tex.

Bucket Loader, Uxh Tractor; Vicksburg, Miss., Miss. River Sandbar

38k

30

J

20
15
15
10

35.2
36.9
36.3
32.2
36.0
34.6
35.7
34.8
33.7
31.4
35.4

Tournadozer, kxlh Tractor; Vicksburg, Miss., Miss, River Sandbar

2266

J

30

|

20
20
15

f

10
10

29.7
37.4
33.1
42,4
40.6
o8
39.
4 39.2
39.2
35.2
39.2
39.8
36.0
35.7
40.0
38.9
37.4
3507
38.6
38.3
33.5
39.5
33.5
39.8
38.3

7768

3C

Y7.7
37.7
39.7
bs.0
b6.7
47.7
k2.0
50.3

h1.2
32.6
34,3
38.0
Lok
41,2
3.3
h3.5

6668

30

20

(Contanu~d)

Ty

Deflection Basic
Coef- Predicg}pn Term
ficient G(pd)3/2 . g
g/h P/W W h
0.172 0.169 246
0.165 19.3
0.327 8.4
0.183 0.397 8z.4
0.258 0.283 38.1
0.258 0.uk1 139.1
0.3.6 0.479 170.2
0.104 0.201 22.3
0.203 23.4
0.202 23.0
0.192 20.5
c.1h1 0.252 31.1
0.141 0.238 29.7
0-173 00300 37'0
0.303 36.2
0.289 35.4
0.233 0.340 bk,
0.233 0.355 50.3
0.178 0.216 36.6
0.213 46,1
0.215 h1.1
0.235 52.5
0.216 50.1
0.208 0.283 57.1
0.272 57.7
0.302 57.1
0.281 57.1
0.287 50.5
0.281 57.1
0.272 577
0.250 0.325 63.7
0.327 63.1
0.339 70.4
0.327 68.6
0.316 65.6
0.338 63.1
0.332 74.3
0.338 73.5
0.272 0.397 64.5
0.402 75.6
0,389 64.5
0.412 76.6
0.399 75.6
0.1y 0.278 ka2
0.254 33.6
0.2u41 35.1
0.274 39.0
0.261 41
0.267 k2.2
0.268 37.5
0.215 0.335 €4 4
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‘Table 12 (comfu«ted)

3

Deflection ' T Basic
Penetration Resistance ! ! . Coef- Prediction Term
Gradient, psifin. _ Wheel jvad  Inflation - ficient G(ba)¥/2 g
Test ¥o. G G W,1b  Pressure, psi h Bfw v Lt
GOER, bl Cargo Carrier, S-Ton (18-26); Vicksburg, Miss., Miss. River Sandbdr (Contimed)
)
) :
329 50.3 , k3.5 6668 0.215  0.345 564
330 b5.3 39.2 0.305 1.1 ’
33 42.0 3.3 v ! 0.320 6.8
332, Lb6 38.6. | 0.327 50.1.
333 . u45.0 38.9 0.325 £0.6 LI
334 52.3 45.2 15 0.24%7 0.380 66,7 :
335 8.7 42.1 . 0.388 62.2 -
33 453 ' 39.2 . . 0.400 57.9 .
337 47.3 Lo.9 ! ' 0.37k 60.3
338 49,0 w2 0.366 62.2
339 48,0 1.5 . | ] 0.366 ! 1.0
340 420 36.3 10 0.29h  0.431 b1 . !
483 41,8 0.7 e :
342 k7.0 40.6 o :‘ ) 0.Lbk 7.9
343 49,7 43,0 ' 0.428s 75.6
1 , '
_ GOER, hxh Cargo Carrier, 5-Ton (15-34); Vicksburg, Miss., Miss. River Sandber! ' ;
34l 45,0 B9 6668 30 0.217 , 0.240 52.0
35 uk .0 38.0 . 0.290 51.0
346 Ly, 7 38.6 " 0.2h1s 51.5 :
347 48,0 * b1y 0.248 i 55,0
348 47.3 Lo.9 ° . 0.235 5l.1
349 48.0 k1,5 ) 0.259 55.2 i
350. - k3.3 37.4 i 20 0.242 0.313 54,7
351 5.3 39.2 0.309 | 57,0
352 43.3 ' 37.k d.311 th,7
353 b1 o 35.4 1 ' 0,308 151.9 :
354 ua.g 37.4 , . * 0,306 54,7
356 b3.0 37.2 ) ] 0.303 sh.2 \ "
357 8.3 41.8 15 0.296 0.3% 75.4 .
858  W7.6 .2 i 0,35 Th7
359 . b7 * 186 1 0.354 70.1 &
360 49.3 - L2.6 1 . 0.359 “77.6 ! s 10
361 47,0 49.6 0.350 73.9
362 k7.0 40.6 1 0.352 73.9: N
363 hg.a 39.2 0.349 71.0 g
36k 46.3 k0.0 1 | 0.348 723 \ :
" 365 50.3 °* 43.5 10 0.428 0.h27 1ik.5 .
366 48.3 1,7 ' ) , 0.h25 109.9 AN
367 LUEL3 4o.0 0.409 . 104.8 DR
368 h3.0 37.2 ‘ 0.h11 97.3 v L
369 42.0 36,3 | ' J 0.390s e 1
. :
T ! a4
! 1 K

96

. e




Field Tests with Vehicles in Coarse-Grained Soils,

Towed, First Pass

Penetratio: Basic
Resistanc.: Deflection Prediction
Gradient*+ Wheel Inflation Coef- Te7m

Test si/in, Ioad  Pressure ficlent 4. GO)Y2 | 5
No.* G G W, 1 psi §/h !/W W 1

M37, 4xh Truck, 3/h-Ton; Padre Island, Tex.

1 110.0 95.1 1797 30 0.132 0.020 38.3
2 119.7  103.5 20 0.180 0.001 57.7
3 124.0 107.2 15 0.216 0.023 1.k
b 103.0 89.0 10 0.275 0.065 24.5
5 47.0 40.6 30 0.132 0.125 16.6
6 56.7 k9.0 20 0.180 0.076 27.3 -
7 58'0 50.1 15 00216 0.0143 33!3 E T3 '7\
8 s5h.7 47.3 30 0.275 0.051 ko.4 !
M35, 6x6 Truck, 2-1/2-Ton; Padre Island, Tex. -
9 27.3 23.6 2458 30 0.120 0.164 1.4 .
10 ha.7 36.9 20 0.166 0.036 25,1 :
1 36.3 31.h 15 0.185 0.131 22,9
12 26.0 22.5 10 0.250 0.061 22.8
' 13 41.3 35.7 2908 30 0.130 0.142 15,4
14 10.7 9.3 20 0.200 0.161 6.2
15 11.0 9.5 ‘ 15 0.260 0.138 8.2
16 10.3 8.9 10 0.360 0.148 12.0
M35, 6x6 Truck, 2-1/2-Ton; Vicksburg, Miss., Miss, River Sandbar ‘ o
17 k0.3 34.8 3053 30 0.130 0.090 4.9 ‘
18 h2.3 36.6 3053 10 0.360 0.091 50.3
M135, Tested as Uxl; Vicksburg, Miss., Miss. River Sandbar
' — . {3.1.00-20, 15-R Tires, Std NDCC Tread)
19 h2.3 36.6 4402 30 0.232 0.093 19.1
20 33.3 28.8 20 0.235 0.091 19.1
21 37.3 32.2 15 0.348 0,082 25.2
(Continued)

* "Pegt No." is "Item No.” in reference 16,

** G' end G are each defined in Appendix A. Measurement G 1s the only
term used to describe penetration resistance gradient in relations described v
in the body of this report. R

+ P 'I‘/w - Yotal towed force _ towed force per wheel
total vehicle weight wheel load
Towed force (P,é) was messured on slopes where the slope angle (g) varied

between l.bo and -l.2°. Corresponding values of PT on a level surface

Sl iR bt

i e

were obtained by correcting the measured Pl" values by the equation

P,i - Wsin ¢
Py = ararued (This equation is developed and explained in

reference 16.) g 7




AT FHTE

Test
No.

—p—

28N

BRIRY

48
49
50
51

52
53
54
55

Basic

Resistance Deflection Prediction
Gradient Wheel Inflation Coef- T§7I

in, Iosd  Pressure ficlent e G(pa)¥2 ¢

G G_ W, psi 8/ W b
M135, Tested as kxkf Vicks?ggg, Miss., Miss. River Sandbar

11.00-2C, 2-PR Tires, Tread Removed

28.3 2.5 o2 30 0.226 0.073 12.5

34.3 29.7 ‘ 20 0.295 0.068 19.7

3%.0 29.4 15 0.348 0.059 23.2

DUKW 353, 6x6 Truck, 2-1/2-Ton; Cape Cod, Mass.

k5.7 39.5 2548 30 0.125 0.132 18.5

37.3 32.2 20 0.176 0.096 20.9

38.0 32.9 15 0.216 0.083 26.4

29.3 25.3 10 0.262 0.147 244

Mi1, 6x6 Truck, 2-1/2-Ton; Padre Island, Tex.

13.7 11.8 3845 30 0.14k 0.203 7.2
3.3 7.2 20 0.194 0.160 7.2
7.7 6.7 15 0.234 0.119 8.1

10.0 8.6 ] 10 0.316 0.125 1.1

23.3 20.1 4695 30 0.172 0.1h45 1.2

62.0 53.6 20 0.210 0,060 47.1

100.7 87.1 15 0.300 0.025 109.7

55.3 47.8 | 10 0.375 0.04k4 69.0

Bucket Losder, hxk Tractor; Vieksburg, Miss., Miss. River Sandbar

45.0 38.9 3399 30 0.104 0.059 24,5

39.0 33.7 20 0.141 0.061 21.3

37.0 32.0 10 0.283 0.078 4s5.1

Tournadozer, hxl Tractor; Vicksburg, Miss., Miss, River Sandbar

ha.7
43.3
Lh,7
42.0

36.9
37.4
38.6
36.3

7768

|

30
20
15
10

n.178
0.208
0.250
0.272

0.085
0.069
0.072
00055

46.1
23.9
67.9
69.0

GOER, Uxh Cargo Cerrier, 5-Ton (18-26); Vicksburg, Miss., Miss. River Sandbar

56
57
58

l‘a.o
45.0
48,0

36.3
38.9
b1.5

5668

&

30
20
15

0.172
00215
0.2117

0.06,
0.055
0.052

37.3
k9.9
61.1

GOER, Lxlh cargo Carrier, 5<Ton (15-3k); Vicksburg, Miss., Miss. River Sandbar

60
61
62

he.o
43,0
46.3

hl-s
37.2

L5

6668

30
20
15

0.217
0.242
0.296

0.056
0.059
0.055

54.8
sh 08
T1.5

7¢
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LEGEND
o 99014, 2op RELATION OF PULL AND TOWED
o 6n830-0. 2-p8 FORCE COEFFICIENTS TO
A 16xiis0-8, 2-pR BASIC PREDICTION TERM
® 26Xi8 00-10, 4-PR VALUES OF 8/h FROM 0.15 TO 0.35; TWO
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b

RELATION OF P/W AND P/W TO
ALTERNATIa\;E PREDICTION TERM
Glbd)Y¥W - (1-8/h) ~*
VALUES OF &/h FROM 4.15 TO 0.35;
TWO TIRES SHAPES, THREE RIGID WHEELS:
44- TO 4500~-L.8 DESIGN WHEEL LOADS;
G=2.3TO 277 PSI/IN.
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APPENDIX A: MEASUREMENTS OF SAND STRENGTH,
WHEEL PULL, ARD TIRE SINKAGE

Sand Strength

1. Penetration resistance gradient G 1is used in this report to
characterize the strength of sznd test beds, both in the laboratory and
in the field. This term is defined as the gradient (or slope) of the
penetration resistance (cone index) versus depth curve. For each WES
laboratory wheel test in sand, the s0il bed was constructed such that
values of cone index increased linearly with depth, usually to about
11 or 12 in. (fig. 2a of main text); the value of G was then computed
from cone index readings taken within this upper layer. Some evidence
has besn reported to indicate that the in-sand performance of a pneu-
matic tire is influenced by soil strength to a depth equal to the width
of the tire;3* no definite conclusion could be drawn from this brief
study, however, because of the very limited range of values of the test
parameter: considered {(only one *ire size and one wheel load, for in-
stance). Th.- more recent idea regardintg the sand depth of importance
was preceded by a lnong history of measuring sand strength only in the
upper 6-in. layer, bot.. in the lavoratory and in the field. (This state-
ment needs clarification on two points: (a) Though G was computed and
repurted for many early laboratory tests only for the top 6-in. layer,
the profile usually was constructed linearly to about 11 or 12 in., as
in fig. 2a. (b) For many field tests, descriptions of the sand strength
profile (either in terus of an average value of cone index, or individ-
ual cone index readings at prescribed increments of uepth) are reported
for other than the 0~ to 6-in. layer; the 0- to h-1n. luyer is by far
the most common one reported, however.)

2. To allow sand strength data from a number of sources to be de-
scribed on a common basis in thic report, sand penetration resistance i

gradient G measured in the top 6-in. layer was chosen as the most

¥  Superior numbers refer to similarly numbered items in Literature ¢
Cited at the end of the main text, ;
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suitable parameter. Use of measurements from this layer is not intended
to indicate that the 0- to 6-in. layer is the critical cne for all sand-
poeumatic tire situations. Furthermore, it is recommended that all lab-
oratory sand test beds be constructel to provide linear strength pro-
files to the maximum depth practical, at least until the relation
between critical depth and tire size, load, and deflection is defiritely
determined.

3. The next consideratior after a common depth was a common means
of defining penetration resistance gradient. In a number of early tests,
the gradient was computed as

_0-to 6-in. avg cone index

1 ]
G 3 in.

(A1)

For a linear profile, the numerator of this term is the value of cone
index at a depth of 3 in., and the value of the overall term equals the
slope of & line drawn from the origin through the cone index reading at

the 3-in. depth (fig. Al). Penetration resistance gradient defined in

80 /
60 /
5 b~ JDEALIZED STRAIGHT~LINE
a SOIL STRENGTH PROFILE
x'
o
240
z
0 -0~ TO 6-IN. AVG CONE INDEX
0 SURFACE v €
[ CONE
INDEX
20 V.
L 61. s10PE DEFNED gy OO GIN. AVG CONE INDEX
3 IN.
2 4 ¢ 8 10 12

DEPTH OF CONE BASE, IN

Fig. Al. Graphic illustration of G'
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this way is not the gradient of the cone index versus depth profile, and
is characterized in this report as G®' .

4., Values of penestration resistance gradient have also been re-
ported based on the equation

avg cone index to
depth equal to tire width
. - (to nearest_inch) (42)
Gp = 1/2 tire width
(to nearest inch)

For a tire of approximately 6-in. width, this equation matches equa-
tion Al; for a given single soil strength profile, however, gradient de-
fined by this equation scales the value of sand strength in inverse pro-
portion to tire width (fig. A2). For no tire size does this equation
measure the actual penetration resistance versus depth gradient; values
obtained by its use are denoted in this report as G! .

b
5. The actual penetration resistance versus depth gradient can be

v

80

60 /

0~ TO 10~IN. AVG CONE INDEX

0~ TO /0~IN. AVG CONE INDEX

G’ = 10 IN.
bFORb 10 iIN.= .

CONE INDEX, PSI
»
(<]

TO 4~IN. AVG CONE INDEX

N
o

rd
“yk. O~ TO 4-IN. AVG CONE INDEX
- 6‘; FORbL=4 IN.= Lt
2N

0 2 4 6 8 10 12
DEPTH OF CONE BASE, IN.

Fig. A2. Graphic illustration of G.[;
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adequately described for near-linear profiles by the relation

avg cone index over) /surface )
_ \depth cf interest ceone index

G = 1/2 depth of interest (A3)

Equation AJ matches equation Al, except that here the value of surface
con2 index is subtracted in the numerator to shift the lower end of the
line defining G from the origin to the surface reading. Values of G
were computed for the 0- to 6-in. layer in this report, either by direct
application of equation A3 or by use of the relations of the following
paragraph.

6. Since equations Akl and A3 differed only in that surface cone
index was subtracted in the uumerator of equation A3, the well-defined
linear relation that exists between G' and G (fig. A3) was not unex-
pected. The linearity of the relation indicates that the value of sur-
face cone index increases proportionately with an increase in the aver-
age value of coae index for the specified depth. The nearly identical
slopes of the lines for the two sands (which hav: considerably different
physical properties) indicate that this comparison between two tech-
niques for quantifying sand strength was relatively unaffected by sand
type. Values of O- to 6-in. average cone index were availsble both for
the field tests ~xamined herein and for thcose tests whose san+i strength
was characterized by Gé (Gé values appear only in reference 2). These
values were diviced by 3 in. to obtain values of G' , and then multi-
plied by 0.8645 to obtain values of G . Values of G for all other
sand tests reported herein vere computed by equation A3, using individ-
ual soil strength profile values. For each test where G' (or 0- to
6-in. average cone index) or Gg has been used in a previous report to
describe soil strengih, that value is listed in the appropriate table of
this report, along with the value of G for the 0- to 6-in. layer. All
terms that involve a measurement of sand strength in the main text of

this report use only the value of G .,

Wheel Pull

7. Wheel pull P 1is defined in reference 1 as "The component,

Al
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acting parallel to the direction of travel, of the resultant of all soil
forces acting on the tire. It is considered tc be positive when the
tire is performir.g useful work, and to be negative when an external
force must be applied to maintain motion...." In constant or near-
constant slip tests, this parameter can be measured directly by a hori-
zontally aligned force-measuring unit (a load cell, for example).

8. In programmed-increasing-slip tests of the type conducted at
the WS, wheel slip is made to increase linearly during the test by
maintaining wheel rotational velocity constant and decreasing the dyna-
mometer carviage translational velocity linearly from some maximum value
to zero (fig. A4). Within the dynamometer carriage, the test wheel is
mounted in a lower frame assembly (like that shown in fig. A5). which
consists of an inner and an outer frame. The relative longitudinal

movement between the inner and outer frames is opposed by a force cell

mounted horizontally between the

(s} Q
t OVERNEAD MAILE
(o]

= two frames, so that the reading

T
?—olo o]o U['—U resy ouws — ;{o T,I from this cell is a measure of

pull; a positive pull is indi-
//A\\ cated when the inner frame moves

WHEEL

forward relative to the outer

& frame, and a negative pull for
Q!

SPEED

J the opposite situation. The mass

located within the inner frame

] 100

e, % (test wheel, axle, transmission,
o, SPEED VS TIME

etc.) also contributes to rela-
'”T tive movement between the inner

and outer frames if this mass is

SLIP %

// For the programmed-i.creasing-
\\V// 100 slip test, the carriage is uni-
Tive, % formly decelerated, thereby con-
B SLIP 'STIME

tributing to the inner frame's
Fig. Al. Speed and slip diagrams
for a programmed-increasing-sliip

tezt the outer frame and producing a

being moved forwsrd relative to

A6

either accelerated or decelerated.
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force-of magnitude ma (mass tines (negative) acceleration), which is:
recorded by the fb;ce cell as a positive puIl.' Thus, values of pull
“hat are too large will be recorded in a pr:grammed—increasing-slip test
unless a correction is made to actount for ma . '

9. sTo obtain this, correction, the dyﬁamometer carriage is
snatcﬁed in air prior to testing, anl measurements are taken of (a) the, ;
value of accélération (an accelerometer measures, snatch-off acceleration, 4

which value generally is taken several times larger than that encoun-

{
tered divring thg test), (b) the value of uncorrected wheel pull, and C i
(¢c) the sum of (a) and (b). Each of quantities (a), (%5, and (c¢) is re- ' ’
corded electrically; signals {(a) and (b) are direct measurements, and ;
signal (c) is:an electrical sum of (a) and (b). The value of (c) - {
changes in phase with quantity (a), carriage acceleration. The value of

the effective mass contributing to '‘ma is electrically solved for by :
changing potent;ometer settings that control signal (c) until the value
of signal (c) remains consiant 2t the same value achieved before and
after snatch-off, even undexr the action of peak acce;eration. During
testing, each signal (a), (b), and (c) is recorded. Signal (b), pull |
uncorrected’' for ma , is referred to in this reﬁort as P! ; and signal | !

(¢), pull corrected for ma , as P . :(Pulls from constant or near- |,

constant slip tests and ffom constapt pull tests need no ma correction
and azre also referred to as P .) !

10. The absolute magnitude of the ma ' force éppears to\be'rela-
tively small and fairiy stable at about 0 to 8 1b for the 20 percent
slip point in programmed-increasing-slip tests in the laboratory clay -
(fig. A6b). ma values of much larger average value and much greater
dispersion were obtained at the 20 percent slip point in sand (fig. A6a).
Unfortunately, £he influence of ma on the pull signal in a programmed-
increasing-slip test Qas not recognized in the early stages of testing,
and WES reports prior to reference 6 reported values of P! , pull un-
corrected tor ma . The ma correction is influenc=d by chénges in th.
value of m (differences in tire size, transmission used; etc.)‘and in
the value of a (slight changes in carriagé deceleration rate between

tests). Even if Lhese quantities were known precisely for tests not

A8
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instrumented to measure ma , no well-defined correction could be made
based on experience from tests in which both P' and P were recorded.
Particularly for tires in sand, the ma correction varied significantly
between tests (fig. A€a) even though essentially the same values of a
and pretest-measured m were acting. Fortunately, enough tests have
been conducted in which corrected pull P was measured to develop the
relations involving wheel pull in tie main text of the repcrt. Rela-
tions that use uncorrected pull P' (i.e. P + ma) are also reported
herein, with the warning that relations based on P' predict algebra-
ically larger-than-actual pull by a relatively small amount (estimated
as 0 to 10 percent of wheel load for tires in sand, and O to 5 percent

for tires in clay).

Tire Sinkage

11. It was demonstrated conclusively in Appendix A, "Sinkage
Study," of reference 19 that the sinkage of a pneumatic tire can be ac-

curately computed by the equation

208, + H)2
HS
z == 5 (k)
B + (aHS + H)
where
= pneumatic tire sinkage
H = vertical hub movement
6HS = deflection of a pneumatic tire loaded on a hard surface

Except for tests whose data were taken from reference 2, all sinkage
values reported herein were computed by the aebove equation. Sinkage

values in reference 2 were computed by the equation

z = H+ (50 = 8:5) (A5)
where
z , U, and GHS are defined above
é = in-soil deflection

IS
Both GHS and GIS are measured directly beneath the wheel axle,.

Al0
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Equations Al and A5 produce almost identical results for sinkages of im-
portant size (say, 1 in. and larger). Equation Ak is preferred, since

it defines 2z accurately in terms of only two easily measured tire pa-

rameters, H and GHS .

GIS , 8 parameter far more 1ifficult to measure and one much more sus-

fquation A5 requires these two narameters plus

ceptible to instrumentation error.
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APPENDIX B: TIRE SELECTION AND PREDICTION OF PERFORMANCE

1. The relations of the pull and towed force coefficients for

wheeled vehicles to the basic prediction terms for sand and for clay

(plates 23 and 28, respectively) offer the basis for a tentative perfor-
mance prediction system and for design criteria for wheeled vehicles
operating in dry-to-moist, coarse-grained soils and wet, soft, fine-
grained soils. The curves in plates 23 and 28 can be used to forecast '
the mobility of existing vehicles or to select tires that will provide
the desired degree of mobility for existing or proposed vehicles. These
curves should be used with caution because (a) research effort to date
has not quantified the effects of a number of factors that influence

1 wheel performance significantly (principally those in paragrapns 52-58
of the main text), and (b) the precision of applicability of ihe rela-

tions in plates 23 and 28 is of the order indicated by the data scatter
in plates 21 and 25, respectively, for vehicles operating under care-
fully controlled conditions in the field.

2. Quantitative relations like those in plates 23 and 28 are nec-
3 essary for rational selection of tires; however, this choice must remain
g something of an art, since the tire designer must consider tradeoffs
among a number of considerations (tire flexibility, durability, and sta- ‘
bility; ground clearance; height of cargo bed; elc.) that apply to the
particular problem at hand. One important consideration that applies to
'} practically all off-road operations is that tire deflection should be
? maintained at as large a value as practicable (paragraphs 82 and 86 of
the main tex:). This implies that tires should be as flexible relative
3 to the loads they will be required to carry as safe operating conditions
will allow.

3. The following examples illustrate a few of the many possible

practical uses of the relations in pla* s 23 and 28. In each example,

; each tire is assumed to carry an egual share of the vehicle load. Also,

the tangeut of the maximum slope climbable is assumed to be practically
equivalent numerically to maximum pull coefficient. The basis for this i

assumption is given in reference 20; field tests conducted since that

Bl
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time have generally verified this assumption.

Example 1: Computation of Maximum Pull Coefficient and

Slope Negotiable

4. If soil type and strength, wheel load, and tire dimensions are

given, maximum drawbar pull or slope-climbing ability can be computed as

shown in the calculations that follow.

a.

{

Given.
Soil type, dry-to-moist sand
Soil strength G = 20 psi in.
M135, 6x6, 2-1/2-ton truck
Gro.s vehicle weight nW = 18,000 1b
Number of wheels n =6
Wheel load W = 3000 1b
11.00-20 single tires,

b =11.0 in., . = 42.0 in., (bd)3/2 = 9800 in.3,
6/h = 0.35
Find.

Maximum pull coefficient and slope negotiable.

Solution.
4 < Glbd 3/2 5 20(9800) 0 35 = 2.9
W h ~ 3000 e

From plate 23, find P/W Dbetween 0.21 and 0.22, or

use the equation for powered wheels in plate 23:

P__a-35.50 o
W 1.92a + 37.20 (equation 1; main text)
P__ 229 -5.50 _

W 1.92(22.9) + 37.20 0.21k

Conclusion.

If a safety factor of 1.0 is assumed, this vehicle, under
the conditions specified, can climb a 21.4 percent slope;
or on level ground, it can tow an object whose resistance
does not exceed 21.4 percent of the weight of the prime
mover. Also, slope and maximum drawbar pull can be con-

sidered as additive; e.g. on a 10 percent slope, the

B2
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vehicle can pull a Srailer whose rolling resistance does

2 not exceed 11.l4 percent of the vehicle's weight.

Example 2: Selection of Tire Sizes for Given Conditions

E 5. For a particular vehicle, equation 6 in the main text and

plate 28 can be manipulated to solve for tire size required when the
soil type and minimum soil strength, allowable tire deflection, design

§ wheel load, and required slope-climbing ability or drawbar pull are
. known.

a. Give..
: Soil type: soft, homogeneous, fat c¢’2s
: Soil strength RCI (minimum) = L0
E } Slope = 20 percent
5%x6 vehicle, single tandem tires

- Gross vehicle weight nW = 25,200 b
V x Number of wheels n = 6 1

Wheel load W = 4200 1b

Maximum allowable tire deflection &/h = 0.35

. e s
o xR

I

Find. :

Tire sizes compatible with the given conditions.

, ¢. Solution. 3
3 2 ;
o - (RCDba (2)1/2 o1 _ (gc1) ,(g)l/‘
: 2 W h 1+ (b/2d) W h :
. 2

 § _2vd P

| YRR (equation 6; main text)

F B 2 ]
» by _21d__= 8 . W . 1 %
3 2d + b 2 (RCI) (6/h)l/2 ;

g = 2.59 - (1.19P/W)
2~ 1 - (1.25P/W) :

2bd® _2.59 - 1.00(0.20) | 4200 | 1 _ o0 ;o
2d + b~ 1 -1.25(0.20) bo  0.592 '

o

[

{fe)

Tire selection.

Try 11.00-20, 2-PR, nondirectional, cross-country:
b =11.0 in., 4 = 42.0 in., and 2bd2/(2d +b) = ko9 .

R e e PRy AT
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ko9 < 556 ; tire is inadequate.

Try 1%.00-29, 12-PR, nondirectional, cross-country:
b=14.0 in., d = 48.0 in., and 2bd°/(2d + b) = 586 .
586 > 556 ; tire is adequate.

Try 46x18-20, 8-PR: b = 19.5 in., 4 = 45.5 in., and
2bd2/(2d +b) =731 . 731 > 556 ; tire is adequate.
Conclusion.

In the foregoing example, only two tires, the 14.00-20
and the 46x18-20 tires, were demonstrated to be adequate;
obviously, there are many tires that fulfill the require-
ments from a mobility standpoint. The designer should
consider, too, that changes in tire diameter d affect
values of 2bd2/(2d + b) more than corresponding rela-
tive changes in width t (fig. 11, main text). From a
practical point of view, however, proportionate increases
can be achieved far more reudily for tire width than for
diameter, e.g. it was reasonable to consider increasing
width from 11.0 to 19.5 in. in the example above (a

77 percent increase) while changing diameter only nomi-
nally; it would be impractical for most vehicle configu-
rations to hold width at approximately 11.0 in. and in-

crease diameter from 42 to T4 in. (a T7 percent increase).

Example 3: Computation of Maximum (Immobilization) Load

and Maximum Weight Pullable

6. If soil type and strength, wheel load, and tire dimensions are

known, the maximum load that a given vehicle can carry without immobili-

zation and the maximum trailer weight that it can pull on level ground

can be determined in calrulations like those below.

a.

Soil type: soft, wet, homogeneous, fat clay
Soil strength RCI = 30
M135, 6x6, 2-1/2-ton truck

Gross vehicle weight nW = 18,000 1b
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Fumber of wheels n

=6

Wheel load W = 3000 1b
11.00-20 single tires:
b =11.0 in., d = 42.0 in., bd = k62 in.z,

6/h = 0.35

Find.

Maximum allowable wheel load and wheel load tc develop

maximum ,ulling ability.

Sclution.
B, - 2.59
1.2582
1

P.
W

T B/ (from plate 28 and equation 6 in main

text). For P/W =0, 82 = 2.59 and im.obilization

load

Y1

L [(RCI) < bd - (%

~1.19 ° where @

/2
)l

1/2
")

_ (rc1)vd |
2 W (

. 1 : 2.59
1+ (b/2d) |~ <

1 + (11.0/8k.0)

[(30 -+ 11.0 - 42.0) - ¥0.35 - 1

+ 2.59 = 280C 1b (per wheel)

From plate 30,

3
wopt J.211 [bd . (h

wﬁpt

/2
)l

1
W CYZrY) b/ed)]' (RCI)

]

+ 30 = 1530 1b (per wheel)

From equation 9 in the main text,

Poot 0.096[bd : (%)

(per wheel) = maximum weight pullable by each wheel on

level ground.

Conclusion.

The range of values of load between zero pull and optimum
pull (in terms of its absolute value) for the conditions

specified is 2800 to 1530 1b per wheel.

1/2
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Values of

1
[0.211 - 11.0 - k2.0 v0.35 - 1 + (ll.O/BH.W]

] - (RCI) = 696 1b
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pull/load (but not absolute pull) are increased by reduc- J
irg wheel load below optimum load; thus, the value of :
slope negotiable (*P/W) would be improved by reducing
vheel load as much as possible.

Example 4: Determination of Mobility of a
Vehicle-Trailer Combination

T. If the minimum soil strength, maximum slcpe, and required ve-
hicle and trailer data are known, the mobility of the vehicle~trailer

combination can be estimated by the relations in plate 23. The proced-

at i oo e adaond b e e

ure to be followed is illustrated below.

P oma ).

a. Given.

Soil type: air-dry sand

Pt a L

Soil strength G (mnimum) = 20 §
Slope (maximum) = 10 percent ;
M3T7, bxbh, 3/4-ton truck ;
Gross vehicle weight nW = 6000 1lb :
Nuuber of wheels n = L §
Wheel load W = 1500 lo ;
9.00-16 tires: , ;

b =9.2 in., d = 34.0 in., (bd)3/2 = 5530 in.3, g ?

é/h = 0.35 I 3
M10l, 2-wheel trailer ? ]
Gross trailer weight nW = 2000 1b j
Nunber of vheels n = ? : g
Wheel load W = 1000 1b * g
9.00-16 tires: , 3

b =9.2in., d = 34.0 in., (bd)3/2 = 5330 in.>, : §

§/h = 0.35 ? ]

Is the vehicle-trailer combination mobile under the con- i A
ditions specified?
c. Solution.

(1) For pull of prime mover:

B6




i Ao b
¥ ]

AT

(2)

G(bd)3/2 .8 _20(5530) . 0.35
] h 1500 ’

@5.8
From plate 23, find P/W = 0.2k . Use the equatibn

o

for powered wheels i.. plate 23:

P__2=-35.50 o
W~ 1.92a + 37.20 (equation 1; main text)
P
%)

- 25.8 - 5.50
1.92(25.8) + 37.20

= 0.23h

Maximum drawbar pull on level ground =
= 0.234(6000 1b) = 1400 1b

Maximum drawbar pull of prime mover on 10 percent

=|v

(nW)

slope:
Maximum pull of M3T on 10 percent slope

(% - slope) (a%) = (0.234 - 0.100)(6000 1b)
800 1b

Trailer rolling resistance (level surface):
a(a)¥? s _ 20(5530)
C = - o K-’- 0.35 = 3807

From plate 23, PT/W = 0.06 ; or from the equation for
towed wheels in plate 23:
0.010a + 0.81

Pp/W = ==+ 0.035
- 0.01gé?$.z)efoo.81 + 0.035

0.C?3 + 0.035 = 0,068

Rolling resistance on level ground (M101):
P = PT/W(nW) = 0.068(2000 1b) = 136 1b
Rolling resistunce on 10 percent ~lope:
Rolling resistance on 10 percent slope
PT/W(nW) + slope(nW)

136 1b + 0.10(2000 1b) = 336 1b

Is maximum drawbar pull of an M37 on 10 percent slope

greater than the rolling resistance of an M10i

trailer on a 10 percent slope under the conditions

BY

s e, = b e e
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manually).

a.

specified? Maximum drawbar pull of an MZj on a
10 percent slope = 800 ¥b. Rolling resista.ce of
M10l on a 10 percent slope = 336 1b. The M3T's draw-
bar pull is greater,
Conclusion.
The vehicle's drawbar pull exceeds the trailer's rolling
resistance, so the vehicle-trailer combination will be
mobile under the conditions specified. If the calcula-
tions are carried further, it can be seen that the
vehicle~trailer combination would be immobilized on a
slope of 15 to 16 percent, :.e. let (M37 weight){slope)
+ (M101 weight)(slope) + rclling resisiance of M10l
maximum drawbar pull. (6000 1b)(slope)
(2000 1b)(slope) + 136 1b = 1400 1b
(8000 1b)(slope) = 1264 1b
Slope = 0.158

+

Example 5: Selection of Vehicle Drive Mode
Based on Performance Parameters

8. An all-wheel-drive vehicle has definite advantages over vehi-
cles with similar nonpowered elements. The relations of the pull and
towed coefficients to the basic prediction term for sand can be used to
show the advantages gained by powering all the wheels. The M37 of ex-
ample 4 is appropriate for this demonstration, since it can be used

either as a Lxh or as a 4x2 vehic': (i.e. the front axle can be engaged

Given.

Soil type: air-dry desert sand

Soil strength G (minimum) = 20
M3T, 4xb, 3/b-ton truck
Gross vehicle weight nW = 6000 1b

Number of wheels n = 4
Wheel load W = 1500 1b
9.00-16 tires:

PEo
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b=9.24n., d=34.0ir., (ba)2 = 5530 in.3,
§/h = 0.35
b. Find.
Maximum pull coefficient of and/or slope negotiable by
M37: (1) as a bxl vehicle and (2) as a 4x2 vehicle.

(1) 4xh configuration

From example 4, o = 25.8
P/W = 0.23L
(2) Lx2 configuration

P/W = (maximum drawbar pull of rear wheels minus
rolling resistance of front wheels) # gross vehicle
weight
(a) Maximum drawber pull of rear wheels:

rrom example 4, P/W = 0.234

Total weight of rear axle = 3000 1b

Maximum drawbar pull = 0.234(3000 1b) = 700 1b
(b) Folling resistance of front wheels:

From example 4, o = 25.8

From plate 23, PT/W = 0.080 ; or from the equa-

tion for towed wheels in plate 23:

0.0100 + 0.81

Pp/W = =T +0.03%
_0.010(25.8) + 0.81

Pp/W = 558 - 5.0 +0.0%

By/W = 0.045 + 0.035 = 0.080

Total weight on front axle = 3000 lb
Total rolling resistance on front wheels
= {(0.080)(3000 1b) = 240 1b

(c) P/W and/or slope negotiable = [(2) - (b)]
: gross vehicle weight = (700 1b - 240 1b)
+ 6000 1b = 0.077

[

Conclusion.

The Lxl will greatly outperform the Ux2. ‘l'he former

B9
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could negotiate slopes as steep as 23 percent, whereas
the 4x2 would be immobilized on slopes greater than

T percent.
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